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Radiation  Quality  and  Rat  Motor  Performance 


Vl(  IOR  B<  >/,(>.*  (i\RV  HZ  IMAN.f  A\I)M\R1  Doom  \t 

*  /Ar.n ’mi  S.  iciu  o  ,nnl  *  Kailua  U •>:  s  ,v/i,  r<  /V/i.muiiWs  Imhii  h>n  us  Kiii/h'/'ii'/in;\ 

Ki  mWi’i  A'  luailuw  IIKKI  Mur \ iiiinl  ’nv/-/-.’  HI 

tKiIiIuiH”!!  I'lfi wiii’ii  /V/\ irwwnl.  I  M  /  Hi-ll I  uh”i\ii<iric'.  '<011  Mnunnun  Iwnnr.  Murray  Ihll. 

Si'n  Awrinrj-.’ini 

Hi  k  ,i  i.  \  .  /i  \i  \n.  ( I  II  \\i>  Dikii  I  s  .  M.  Radiation  Quahls  and  Ral  Motor  Performance. 

AS; ,/■„■/  A.'i  IIS.  IWI. 

I  ho  i'Ikvi"-  oi  brcmvarahlunu.  electron.  .  and  neutron  radiations  sscrc  mscsltiialcsl  on  the 
in. 'tor  I'erlot  tuanee  ot  male  Sprague- Dasv  lev  rats.  Rats  were  irradiated  at  a  nudline  tissue  dose 
taleol'nlo  mm  •  I  with  one  of  the  follossmi’  IXh-Me\  eleetronstN  401  or  I N.  I -MX  p 
hi enisstrahlu ne  t  S  horn  i  linear  aeeelerator.  d  I  ’5-XfcV  -ray  p/iotons  <  \  4  JO.  or 

reactor  neutrons  at  I  tr  SleS  tissue-henna  weiiilued-mean  energy  i  S  4  s t.  Radiation  elleels 
nere  determined  In  establishing  median  etleelne  doses  1 1  l>  .a  tor  rats  trained  on  an  aeeelerod. 
a  shoek-avoidanee  motor  perldrmanee  lest  I  I)..  s  were  based  on  Ill-nun  postesposure  perfor¬ 
mance  I  lie  I  I)  SuereM  to  loreleetrons.  S I  (is  lor  hrcinsstrahhmg.  K'K  Is  lor-, -ras  photons, 
and  ns  (,\  tdt  neutrons  In  terms  of  relative  biological  etleetiseness  to  produee  earls  perlor- 
nianee  deerenieni  i  10  nun  from  the  start  ol  irradiation  i.  significant  dillerenees  esisted  betsseen 
the  eleet roils  and  the  otnet  three  Itehls  and  betsseen  the  bremsstrahlung  and  neutron  fields.  fhese 
slillerenees  eould  not  be  esplained  In  niaeroseopie  dose  distribution  patterns  in  the  irradiated 
animals,  1  lie  data  imply  that  dillerent  raslialion  ipiahtis's  are  not  equally  elleetise  at  disrupting 
per  lor  niauee.  ss  ith  high-energy  eleet  ions  hei  lie  I  he  most  elleetise  and  neutrons  the  least.  .  iw. 
s.  ...I.  ■  r  ,.  [■ 


IMROIM  (  IION 

I  arls  performance  rice  tv  moot  ( EPD)  is  often  produced  by  exposure  to  rapid,  super- 
lethal  ionizing  radiation  ( /):  however.  it  was  recently  reported  that  IPD  max  occur 
at  doses  below  the  I  IX„  When  E PD  occurs  it  usually  starts  10-15  min  after 

irradiation  and  can  last  another  l()-3()  min.  However,  all  radiations  are  not  equally 
effective  at  producing  1  PI),  f  or  instance.  •>  photons  and  bremsstrahlung  radiation 
were  more  effective  at  producing  I  PD  than  neutron  radiation  in  pigs  and  monkeys 
(,i  4  ),  and  electron  radiation  was  more  effective  than  y  and  bremsstrahlung  radiation 
in  rats  (5).  While  I  PI)  occurs  in  several  animal  models  performing  a  variety  ol  tasks 
alter  exposure  to  various  radiation  qualities,  no  comparison  exists  in  one  animal 
model  performing  the  same  task.  This  paper  continues  prev  ious  work  (5,  Z>),  and  it 
describes  the  effects  of  bremsstrahlung.  electron.  •>.  and  neutron  radiations  on  rat 
motor  performance.  I  he  objectives  were  to  establish  the  median  effective  dose  ( EDs,,) 
for  rat  performance  after  exposure  tv)  four  different  radiation  qualities  and  to  deter¬ 
mine  their  relative  biological  effectiveness  ( RBE). 
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I  AB1  I  I 

I  IN  AC'  I  led ron  and  Bremsstrahlung  Radiation  Parameters 


l.Uxtrnn 

Hix’iiniiinlilumi 

Pulse  width 

4  .0  as 

4.0  as 

Beam  energv 

1  X.6  McA 

IS.I  MVp 

Beam  current 

0.54  amp 

0.54  amp 

l  )isLmce 

4.4  m 

2.S  in 

Dose  pulse 

S.5  cC»\ 

().5h  e(  i> 

Pulse  repetition  rale 

I  )ose  rate 

4.0s  1 

60.0  s 

During  pulse 

1.2  *  IOf'Cf>/min 

X.4  s  1  ()J  ( i\/m in 

Average 

20.0  Ci> /mm 

20.0  (iy/min 

Ml  I  HODS 

Siti'i  c'i  n  Male  l(  rl:(I )  BR  A  Af  Plus)  rats  ( Ruim v  non  can  in)  were  used  that  weighed  an  ate  rage  of 
4h '  g  •  4  (standard  error  of  the  mean  (SI  •  o.  Rats  (  \  i  MX  i  this  si/e  represented  the  age  group  of  interest 
m  our  work.  Rats  were  maintained  in  an  AAAI  AC -accredited  facility  i:  keeping  with  the  principles  staled 
in  the  inn  c/e  tor  r/ic  (  an1  and  t  'eef  l.abnralory  Ammah  prepared  b>  the  Institute  ot  I  aborutory  Animal 
Resources.  National  Research  Council  Rats  were  quarantined  on  arris al  and  screened  for  disease,  flies 
were  mamumer I  in  plus  lie  microrsolator  cages  on  hardwood  chips  changed  three  limes  'week  and  prosided 
commercial  rodent  chow  and  acid  water  (pH  2.5  using  concentrated  HCI)  i id  libiinin  Rat-holding  rooms 
were  maintained  at  ’ll  •  2°f  with  50'  •  HI',  relative  humidity  and  at  least  10  air  changes/h  of  100''; 

conditioned  Iresh  air  Rats  were  on  a  I  2  h  light/dark  full-spectrum  cycle  (lights  on  at  06(H)). 

/ ink  Performance  was  assessed  with  the  accelerod.  a  shock-motivated  test  of  motor  coordination  (  '). 
Rats  were  trained  to  maintain  position  for  as  long  as  possible  on  a  graduallv  accelerating.  5-em-diameter 
rod  located  I  5  cm  above  a  grid  shock  floor.  I  he  rotational  velocity  of  the  rod  increased  at  1  rpm/s.  In  the 
final  stages  of  training,  a  trial  lasted  until  a  rat  could  not  maintain  rod  balance  (in  s).  Shock  was  given  only 
on  trials  that  lasted  less  than  50  s.  I  raining  sessions  lasted  from  5-  I  5  min.  and  it  took  an  average  of  S 
training  da  vs  to  achieve  stable  performance  The  aveiage  performance  time  prior  to  irradiation  was  45  t  5 
s.  with  performance  averaged  over  three  trials/sv  ssion/subject. 

/  co  pro i  ednre  Once  stable  performance  was  achieved,  subjects  were  conditioned  to  a  sham  irradiation 
procedure  Sham  conditioning  lasted  4  days  lor  20  min/day.  simulating  all  aspects  of  the  radiation-day 
profile.  Subjects  were  irradiated  while  held  in  cylindrical  plastic  tuhcs(2<)  •  7  •  0  5  cm),  with  ventilation 
holes  in  the  sides  and  one  end.  I  he  open  end  was  taped  when  the  subject  was  inside  f  ollowing  irradiation, 
each  subject  was  tested  10  min  from  the  start  of  exposure.  More  details  about  the  methods  can  be  found 
in  Ret  lb). 

Kadtnnnin  Rats  were  singly  irradiated  by  one  of  the  following:  1X.6-.McV  electrons  or  IX.  I -MVphrems- 
strahlung  from  a  linear  accelerator  (I  IN  AC).  1.25-MeV  ""Co  y-ray  photons,  or  1.67-MeA  (tissue-kerma 
weighted  mean  energy)  fission  neutrons  from  a  reactor.  I  issue-kernia  weighted  mean  neutron  energv  is 
(he  weighted  average  ol  the  neutron  energy  spectrum  t.V ).  Rats  were  unilaterally  exposed,  right  side  to  the 
souicc.  at  a  midline  tissue  dose  rale  of  2(1  •  I  (iy/min (T  able  I).  I  lie  midline  tissue  dose  rate  was  determined 
bv  inserting  an  f  sradin  tissue-equivalent  ionization  chamber  (0.5  or  0.0 A  cm  ')  in  the  center  of  a  5-cni- 
diameter  tissue-equivalent  rat  phantom  Ion  chamber  precision  was  51.  t  V). 

I  lection  and  bremsstrahlung  X-ray  irradiations  were  done  using  a  I  IN  AC  with  parameters  listed  in 
I  able  I  I  he  midlinc  reference  was  a  laser  aligned  to  the  center  of  each  rat  fleet  ron  irradiations  were 
done  with  rats  exposed  in  plastic  tubes  placed  on  a  wooden  table  I  he  X-ray  spectrum  was  produced  by 
accelerating  the  electron  beam  into  a  water-cooled  converter  consisting  of  four  I  -mni-tlnck  tantalum  foils 
A  lead  flattening  tiller  (0  10  cm  thick )  was  also  interfaced  X4  cm  from  the  beam  port  to  improve  dose 
uniformity  and  to  harden  the  beam.  i.c..  to  remove  the  low-energy  "tail"  of  the  bremsstrahlung  spectrum 
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Each  rat.  in  its  plastic  holder,  was  placed  inside  a  10-cm-thick  paralTin  cave  to  provide  uniform  environ¬ 
mental  scatter.  A  2-cm-thick  plastic  sheet  was  placed  in  front  of  the  array  to  ensure  electronic  equilibrium 
(build-up). 

Gamma-ray  exposures  were  done  in  a  32.0(IO-Ci  "To  facility  in  which  '“Co  ribbons  were  inserted  in  a 
planar  source  (holder)  attached  to  a  remotely  controlled  elevator.  The  source  was  nonnaiiv  stored  in  a 
water  pool  (I  X  •  4 M  ■  10  nil  located  in  a  containment  room.  Gamma-ra>  exposures  were  carried  out 
with  the  source  at  a  height  of  28  cm  and  centered  on  the  rat.  and  they  were  terminated  by  lowering  the 
source  into  the  pool. 

Neutron  exposures  were  done  with  a  I  riga  Mark  !  nuclear  reactor,  with  a  1 5-cm-lead  shield  interposed 
between  the  reactor  wall  and  the  rat  to  attenuate  most  of  the  primary  rays.  Rats  were  centered  hi  cm 
Irom  the  tank  wall  and  12  3  ent  above  the  floor  The  tissue-equivalent  ionization  chambers  tilled  with  tissue- 
equitalent  gas  measured  total  dose,  and  a  magnesium  ionization  chamber  tilled  with  argon  gas  separated 
the  -rax  component  ol  the  dose.  The  neutron  to  -,-ray  dose  ratio  was  approximately  5  at  the  midhne  of 
the  rat  dosimetry  phantom  Neutron  doses  were  the  total  neutron  and  y  -ray  dose  at  the  phantom  midhne. 
\n  extractor  system  that  ,  ■veil  the  reactor  room  wall  »as  used  to  remove  rats  after  exposure.  The  system 
was  an  aluminum  tube  that  extended  outside  the  exposure  room  to  a  position  in  front  of  the  core  and  a 
polyethylene  carriage  driven  by  a  motorized  pulley  system.  Rats  in  plastic  rcstrainers  were  moved  out  of 
the  exposure  room  30  s  after  exposure. 

Ihpth-Jn'C  tuciotnvoic/i/'  Measurements  were  performed  in  a  3-cm-diametcr  cylindrical  acryl.c  rat 
phantom  to  estimate  the  absorbed  dose  along  the  lateral  (side-to-side).  vertical  (lop-to-hottom  I.  and  longi¬ 
tudinal  (nose-to-tail)  axes  in  each  of  the  four  Helds  ivy  Phantoms  were  equipped  with  removable  acrylic 
rods  fitted  with  small  cavities  in  which  thermoluminescent  dosimeters  (Tl. IDs)  or  activation  foils  wen 
placed.  Ill)  measurements  were  averaged  over  several  exposures  to  determine  the  dose  profiles  from  “"Co 
(four  test  runsl.  electrons  (eight  runs),  and  bremsslrahlung  ( eight  runs).  Neutron  depth-dose  deposition 
was  estimated  from  the  average  of  indium  and  rhodium  foil  activation  of  three  test  runs. 

luu/rvtv  The  mam  performance  measure  was  F.PD  during  the  initial  10-min  postirradiation  test  period. 
A  modified  up/down  sensitivity  procedure  was  used  in  the  initial  estimate  of  the  T.D,„  for  each  radiation 
quality  starting  with  an  arbitrary  dose.  e.g..  77  Civ  <  10).  If  the  initial  rat  showed  TPI)  10  min  after  exposure, 
(lie  next  subject  received  SO  Civ.  If  no  F.PD  occurred  in  the  initial  rat.  the  dose  was  increased  1 100  Civ  I. 
Once  the  appropriate  dose  range  was  established,  more  rats  were  tested  at  two  dose  levels  above  and  below 
the  estimated  FIX,,.  FPD  was  defined  as  performance  two  /  scores  below  baseline.  T  wo  /  scores  represent 
the  degree  of  significant  change  in  performance  postirradiation  at  the  S’i  confidence  level,  adjusted  for 
individual  differences.  I  he  mean  baseline  prescore  was  based  on  I  5-20  test  periods.  5  min  in  duration. 
Across  the  radiation  qualities  doses  ranged  from  45  to  130  Gy.  Probit  analysis  was  applied  to  the  dose 
ranges  in  each  held  to  determine  the  probits.  EDi„'s.  and  the  radiation  biological  effectiveness  of  each 
radiation  III).  RBI  is  the  ratio  of  the  absorbed  dose  of  one  radiation  quality  to  the  absorbed  dose  of 
another  radiation  to  produce  the  same  level  of  biological  effect  ( 12). 

RF.SU  I  IS 

As  stated  in  the  Introduction,  this  paper  is  a  continuation  of  previous  radiation 
quality  work.  The  behavioral  findings  with  the  bremsstrahlung.  electron,  and  7  fields 
were  reported  elsewhere  (5. 6).  The  dosimetry  work  was  reported  in  an  AFRRI  techni¬ 
cal  report  (V). 

TIT,,  Probit  analysis  of  the  four  radiation  fields  assessed  the  effects  of  each  radia¬ 
tion  quality  on  behavior  10  min  after  exposure  (Fig.  I  )(/l).  The  resulting  estimated 
F Dio's  and  their  respective  confidence  limits  for  each  original  data  field  are  shown  in 
T  able  II  in  descending  order  of  effectiveness.  The  analysis  also  indicated  no  signifi¬ 
cant  difference  in  probit  slopes  for  the  four  fields.  Thus  a  pooled  field  was  calculated 
and  the  RBFs  comparing  the  radiation  field  were  estimated.  As  shown  in  Fig.  2.  pool¬ 
ing  decreased  the  slope  of  the  electron  probit  and  increased  the  slope  of  the  7  prohit. 
T  he  findings  indicated  that  electron  radiation  was  significantly  more  effective  than 
the  other  fields  as  shown  by  the  following  RBFs:  1.6  compared  with  neutron  radia- 
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RADIATION  DOSE  IGy  x  10) 

1  it,.  1.  Acvelerod earls  performance decrement  dose-response  curves produced  b\  bremsstrahlung.  elec- 
iron. .  and  neutron  radiations. 


tion.  1 .46  compared  with  ->-ray  photons,  and  1 .34  compared  w  ith  bremsstrahlung  X 
rays.  Rremsstrahlung  radiation  was  also  significantly  more  effective  than  neutrons 
(RBF  =  1.21).  No  significant  difference  existed  between  the  •>  and  neutron  fields. 

Lethality.  No  mortality  dose-response  relationship  was  found  in  any  of  the  radia¬ 
tion  Helds,  probably  because  the  range  of  doses  in  each  field  was  small.  The  average 
time  until  death  for  all  radiation  qualities  was  102  h. 

Depth-dose  measurements  The  depth-dose  profiles  for  the  four  radiation  fields 
in  the  three-exposure  axes  are  show  n  in  Figs.  3-5.  The  precision  of  the  depth-dose 
measurements  in  the  '’"Co  and  LINAC  fields  was  about  4 .  Due  to  positioning  prob¬ 
lems  with  the  extractor  carriage  and  the  small  size  of  the  activation  foils,  neutron 
measurement  precision  was  about  ±  I  ON . 

The  depth-dose  distributions  through  the  rat  phantom  along  the  radiation  beam 
on  the  lateral  axis  (side  to  side)  are  shown  in  Fig.  3.  These  profiles  indicate  that  the 
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I  t<  i.  2.  WccIcriKl  curlv  performance  decrement,  pooled  dose  response  curves  produced  hv  hrernsstMh- 
lung.  electron.  ' .  and  neutron  radiations.  1  lecirons  were  signiluanlK  more  ciiective  klisiupted  pertor- 
manee  at  lower  radiation  levels)  than  hrenisstruhlung.  and  neutron  fields:  hremssitahlung  was  sienifi- 
cantk  more  effective  than  neulions. 


neutrons  are  attenuated  In  about  a  factor  of  2  from  the  entrance  to  the  e\it  side  of 
the  phantom,  while  ""C  o  ',-rass  are  attenuated  b>  about  35' . .  1  IN  \(  electrons  and 
bremsstrahlung  X  rays  show  a  fairly  Mat  dose  distribution  through  the  phantom,  al¬ 
though  the  electrons  exhibited  a  20'  -  lalloff  in  deposited  energy  at  the  exit  side. 

i  iguis  4  shows  tiie  dose  variations  across  the  vertical  axis  (top  to  bottom)  of  the 
rat  phantom,  and  the  dose  distributions  on  the  longitudinal  axis  (nose  to  tail)  are 
shown  in  fig.  5.  These  figures  indicate  that  the  dose  distributions  are  uniform  for  till 
sources,  with  the  exception  of  the  electrons  in  fig.  4.  In  this  held,  the  dose  was  25') 
greater  at  the  underside  of  the  phantom,  i.e..  the  rat  gastrointestinal  tract. 

DISC  l  SSION 

I  he  present  data  suggest  that  different  radiation  qualities  are  not  equally  effective 
in  producing  I  PD.  I  he  rank  order  for  IPD  (least  to  most  effective)  was  neutron. 
rax .  bremsstrahlung.  and  electron  radiation.  I  ligh-energv  electrons  produced  I  I’D  at 
significant!)  lower  doses  than  the  other  fields,  and  bremsstrahlung  \  rave  produced 
I  PI)  at  significant!)  lower  doses  than  neutrons.  Based  on  traditional  biological  end 
points  like  cell  killing,  mortality.  and  cancer  induction,  these  findings  oppose  the 
norm,  since  high-linear-energy-transfer  (I.PT)  neutron  radiation  is  generally  consid¬ 
ered  most  effective,  and  bremsstrahlung.  electron,  and  •>  radiation  are  considered 
equally  effective  ( /.f).  Since  our  findings  oppose  the  norm,  we  interpret  them  as  sug¬ 
gesting  that  radiation-induced  fPI)  may  involve  biological  mechanisms  different 
than  those  involved  in  cell  killing,  mortality,  and  cancer  induction. 
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"normalized  to  nndline"  means  the  proportional  amount  of  change  Irom  I  (I  t  Ion  tee.  I  -I  is  a  40 
greater  dose 


This  is  not  the  first  paper  to  report  behavioral  RBI  values  less  than  one  for  high- 
l.ET  radiations!  fable  III).  George  a  ul.  Id)  and  Thorp  and  Young  (•/)  reported  that  •> 
rays  disrupted  pig  and  monkey  performance  at  significantly  lower  doses  than  neutron 
radiation,  and  Young  ( 14)  reported  that  X  rays  were  etfeetise  in  monkeys  at  lower 
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doses  than  w ere  neutrons,  Hunt  (/.')  reported  t liat  electrons  disrupted  rat  behavior 
at  lower doses  than  raxs.  ( )thcr  iva'iu  nonbehav  toral  research  showed  that  electrons 
w  ala-  elieclne  at  lower  r;ul  mi  ion  thcrapv  Joses  than  10-McV  bremsst  rah  lung  and  2  5<  )- 
k\  p  \  raxs  ( !/ 1), 

While"  tilt"  above  hehai  local  work  suggests  that  low -I  I  i  radiations  are  more  cflcc- 
lue  at  disrupting  performance.  this  is  not  alwaxs  so.  Kabul  <7  til  ( /  "I  reported  that 
neutron  radiation  was  more  cficetuc  than  eleetron  and  *.  rttis  with  the  eonilitioned 
taste  aversion  paradigm  in  rats  and.  further,  that  high-cncrgv  iron  partieles  were  even 
more  elleetne  Conditioned  taste  aversion  is  a  behavioral  assav  related  to  nausea 
anil  vomiting.  Our  ti tidings  are  generallv  eonsistent  with  previous  work,  vvhieh  is 
important  beeause  it  establishes  the  aeeelerod  rat  model  as  a  potential  substitute  lor 
large,  more  expensive  behavioral  models  ti  e.,  monkevsi  used  m  the  past  Mso.  the 
radiation  i|uahtv  work  suggests  that  radiation  elleetneness  issues  are  still  to  be  re¬ 
solved. 

<  >ur  data  demonstrated  I  PO  at  high  radiation  levels,  but  this  is  not  so  in  all  animal 
models  [logo  (•/  til  (2)  reported  that  the  II).,,  to  produce  I  I’D  m  monkevs  was  “Civ 
l.’l.  and  it  has  been  implied  that  the  ell'ect  level  max  be  a  Civ  ( IS),  which  means  the 
I  I’D  elicit  level  is  near  the  l  1).,,  (f>  (i\  I  ( !{))  in  what  max  be  considered  the  best 

radiation  model  for  man.  Several  factors  max  account  for  the  difference.  I  irst.  our 
task  was  insensitive,  although  phxsicallx  demanding  tasks  are  generallv  considered 
more  radiosensitive  (20).  \nother  reason  I  PI)  is  higher  in  the  rat  max  be  the  time 
tested  alter  exposure.  In  the  monkex  stum  (2).  perlormanee  was  monitored  immcdi- 
atelv  alter  exposure  vvhile  rats  were  tested  10  mm  from  the  start  of  irradiation.  I  n- 
puhlishvd  research  suggests  that  if  rats  are  tested  right  alivt  exposure,  the  I  I).,,  is 
much  less  than  reported  here  Another  reason  high  doses  are  needed  to  produce  rat 
I  PI)  ma>  be  simple  that  the  rat  is  radioresistant,  which  is  confirmed  for  the  rat 
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•oi  i Ik*  \l  RRI  1  ■'-v.  m-l’h-shioklcJ  neutrons  is  from  Ret  f  Since  no  lineal  elicits  Jala  ueic 
.!'•  a»!aNc  toi  the  < >1  hoi  radiations.  leprcscniatnc  i;,  \alues  lor  ilicv  hcUk  .ik  liom  Ret  iN/i  \  allies  a te 
sinnlai  to  pi  imar\  cnereics  electrons  l'Mc\.\ra\s  42  M\ p.  and  neutrons  dioi  •  Be 

)  he  iclcicncc  ladiation  toi  the  t .it  studies  was  i"  (  o  t  i , .  2.4  '  ke\  «mn  i _•**'».  lot  the  swine  i  Vi  and 

one  1  ■!  the  monkes  studies  <  -/ )  it  was  an  \l  RRI  reactor  -ia\  hieh-eneie>  speetrum.  lor  th  -  other  monkey 
stud\  it  was  I  >-M \  p  hiemsstrahlune  \  r;i\s  from  a  I  IN  \(  ‘  i  /•/ 1 

I  I).  .  is  higher  than  that  of  the  monkex.  i.e..  7m  and  Ml  (lv.  rcspcctivciv  (/*').  In 
the  past,  the  search  for  the  mechanism  of  effect  of  I  PI)  was  done  with  models  that 
demonstrate  the  effect.  However,  another  approach  might  he  to  studv  models  that 
are  more  resistant,  i.e..  the  rat.  or  that  do  not  demonstrate  I  PI),  i.e..  the  dog  co  and 
the  mouse  (unpublished  research). 

In  previous  radiation  qualitv  research  on  I  PDat  \l  RRI.  reasons  for -the  inequali¬ 
ties  m  radiation  effectiveness  were  suggested,  but  no  dosimetric  or  thco'clical  expla¬ 
nation  could  explain  the  differences  (i'll.  Physical  factors  possiblv  involved  in  the 
differing  sensitiv  ities  to  the  lour  radiations  include  the  accuracv  of  the  dose  measure¬ 
ment.  the  different  macroscopic  depth-dose  distribution,  electron  dose  perturbations 
at  interfaces,  dose  rate  or  pulse  liming  effects,  and  dilicrcnt  radiation  qualitv  or  III 
Dosimetrx  accuracv  is  a  concern  in  radiation  qualitv  studies  fora  number  of  dosi¬ 
metric  techniques  are  used  to  measure  the  energx  deposited  bv  different  radiations. 
I  or  Ingh-energv  '’lections  and  \  ravs.  high  dose  rates  m  the  beam  pulses  (  I  able  I) 
required  the  determination  and  application  of  lom/ation  saturation  corrections  to 
each  chamber  reading  (_’/).  ( )thcr  complications  in  I  IN  \( '  dosimetrx  were  differing 
stopping  powers  of  electrons  and  bremsstrahlung  \  rax s  comptired  to  ''"Co.  and  the 
lom/ation-ehamber-speeifie  corrections  needed  vine  to  wall  effects  and  displacement 
of  phantom  material  m  the  chamber  (_V).  Proper  handling  of  these  variables  is  as¬ 
sured  at  Af  RRI  bv  collaborating  with  the  National  Institute  of  Standards  and  I  cch- 
nologx  (formerlv  the  National  Bureau  of  Standards)  in  routine  ioni/ation  chamber 
calibration  and  I  rieke  dosimetrx  studies  (dd).  in  which  a  5'  -  accuracv  was  main¬ 
tained  for  the  nonreaetor  radiations  for  over  a  decade.  Since  no  reference  exists  for 
neutron  radiation,  a  *  5-10')  standardization  is  achieved  at  A I  RRI  bv  adherence  to 
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specific  protocols  (  '4  )  and  intercomparisons  between  different  techniques  and  labo¬ 
ratories  (A.  .V  I. 

1  uniter  ctlort.  to  understand  the  differences  in  behavioral  scnsitivitv  to  radiation 
qualitx  were  measurements  of  tne  maeroseopie  depth  dose  distribution  (I  igs.  3-5). 

I  inure  5  shows  that  dose  deposited  over  the  length  ot  the  rat  is  uniform,  i.e..  •  10'.  . 
but  this  is  not  true  "I  the  distributions  in  I  igs.  '  and  4.  I  inure  >  shows  that  neutrons 
tell  oil  maikedlv  over  the  width  ol  the  rats,  suggesting  that  neutrons  were  loss  effective 
due  to  nonumlormuv  on  the  exit  side.  However,  several  things  argue  against  this 
point.  I  list,  high-l  I  I  neutrons  are  normallv  less  penetrating,  vet  lliev  are  more 
etleetive  in  producing  biological  elleets  like  emesis,  mortahtv.  and  eaneer  than  low- 
I  I  I  radiations.  Seeond.  the  deposited  doses  were  measured  at  the  rat  midline.  I  Inis, 
while  the  number  of  neutrons  deposited  on  the  exit  side  was  less,  it  was  greater  on 
the  entranee  side.  I  mails.  '>  oung  ( 14  i  eondueted  a  studv  eomparing  the  elleets  of 
bremxxtrahlung  \  ravsand  neutron  radiation  on  monkex  performanee  in  whieh  the 
dept h -ilose gradient  was eonstant.  In  that  studv.  the  I  I).,,  for  \  rax s  was signilicantlx 
lower  than  with  neutron  radiation.  1  Ins  ev idenee  suggests  that  the  neutron  lalloll  in 
deposited  dose  in  our  studv  is  probablv  not  the  reason  neutron  radiation  was  less 
etleetive  in  produeing  I  I’D. 

As  lurther  shown  in  big.  3.  eleetron  dose  depositie>n  deereased  across  the  lateral 
axis  about  20'  ■ .  and  it  increased  the  same  on  the  vertical  axis  (top  to  hottoml  as 
shown  m  big.  4.  I  he  increase  in  big.  4  was  attributed  to  electron  scattering  from  the 
wood  platform  below  the  plastic  holder  (V).  However,  it  is  difficult  to  sav  if  a  20', 
regional  nonumformitv  would  alter  radiation  cHectiveness.  I  or  instance,  we  reported 
a  nonumformitv  in  the  bremsstrahlung  field,  i.e..  a  20’.  drop  was  noted  midhead  (6). 
\  beam  llattener  corrected  the  fallotf  and  the  cHectiveness  of  the  X  rax  s  was  tested  in 
the  uniform  field.  I  he  new  I  f).,, did  not  differ  from  the  original.  Thus,  while  correct¬ 
ing  nonumformitv  is  justified,  it  is  questionable  w  hether  the  20'  -  regional  variations 
noted  here  can  account  for  the  overall  differences  in  radiation  effectiveness. 

I  he  enhanced  effect  iv  eness  of  electrons  for  1  PI)  max  be  due  to  dose  inhomogene- 
ities  of  high-energv  electrons  where  anatomical  structures  interface,  flection  dose 
distributions  at  interfaces  displax  cold  spots  (less  dose)  in  denser  material  and  hot 
spots  (higher  dose)  in  less  dense  material  (2V>).  f  or  10-  to  3()-MeY  electrons  the  si/e 
ol  the  elleets  can  be  1  5-30' ,  at  simple  air-water  interlaces  and  half  as  much  at  hone- 
water  interlaces,  w  Inch  can  extend  over  areas  of  one  to  several  millimeters.  I  he  mag¬ 
nitude  ol  these  inhomogeneities  is  amplified  at  complex  anatomical  structures,  like 
i’  ill  bon.  ».  I  Ins  feature  max  he  a  factor  in  influencing  the  elfect  of  charged-particle 
halion  on  tissues  surrounded  b\  hone.  i.e..  the  spinal  cord  and  the  brain,  as  well 
regions  of  low  tissue  densitx.  i.e..  the  lung.  I  he  charged-particle  dose  distribution 
ip  appropriate  phantoms  is  required  to  deline  the  potential  role  of  localized  dose 
nogeneities.  I  he  stale  ol  the  art  in  electron  beam  dosimetrv  has  advanced  so 
lr  realistic  calculations  max  now  be  possible  ( 2 ~). 

Another  reason  that  the  different  radiations  were  not  equallv  effective  on  behavior 
max  be  dose  rate.  George  <Y  <//  (2V»)  used  reactor  ->  ra>s  to  show  an  8()-(iv  drop  ( 100 
to  20  (iv )  in  the  TIX,,  of  pig  performance  for  ilose  rates  of  5  to  20  C  lx /min.  Another 
studv  reported  that  two  split  44-(iv  electron  doses  created  a  I -It)  min  time  course 
for  repair  and  development  of  immumtx  to  degradation  from  the  second  dose  in 
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motor  performance  (29).  Bruner  ( IS)  stated  that  I  PI)  increased  from  7  to  81'.  at  -> 
dose  rates  of  0.5  to  1 .8  C  iy  mm  m  monkeys  given  a  total  dose  of  I OC  i> .  I  hese  studies 
suggest  that  a  complex  dose-time  dose- rate  relationship  exists  for  the  behavioral 
effects  of  radiation.  In  our  studies,  the  pulsed  nature  of  1  IN  AC  irradiations  (  1  able  1 ) 
is  different  from  the  continuous  exposure  with  the  '"C  o  source  or  the  reae’or.  with 
the  electron  beam  having  a  lifteenfold  lower  pulse  rate  than  the  bremsstrahlung  \ 
rays.  Not  only  is  the  I  (N  \(  dose  delivery  partitioned  into  microsecond  pulses  at 
rates  ol  several  s.  but  each  pulse  is  divided  into  a  structure  of  radiofrci|ucncy  wave 
packets.  I  hus  the  1  IN  \( '  radiation  time  scales  arc  such  as  to  possible  implicate  sev - 
eral  levels  of  physicocnemical  mechanisms  in  the  dose-time  dose-rate  relationships. 

[  he  physical  mechanisms  which  might  be  implicated  when  a  biologictil  effect  de¬ 
creases  with  increasing  I  f  I  can  be  elucidated  by  considering  the  characteristics  of 
certain  solid-state  dosimeters.  In  main  phvsical  systems  the  response  to  neutron  radi¬ 
ation  is  known  to  be  less  than  the  response  to  equivalent  -ray  doses.  I  or  example, 
in  lie) u id  ioni/ation  chambers  (.■10).  it  is  the  initial  recombination  of  closely  spaced 
ionizations  produced  bv  high- 1  1  I  radiations  which  causes  neutron-induced  ioniza¬ 
tion  currents  to  he  much  lower  than  those  produced  bv  equal  doses  of-,  raxs.  In 
photographic  film  (SI),  two  phvsical  effects  cause  a  reduced  sensitivity  for  high-1. H  I 
radiations  compared  to  low-1. II  f  radiations  as  follows:  (a)  the  dense  ionizations  along 
a  high-I  1  1  particle  track  are  far  in  excess  of  those  needed  to  produce  maximal  den¬ 
sity.  and  much  of  the  deposited  energy  is  wasted  (''overkill  effect"):  (b)  the  cascade  of 
secondary  electrons  produced  bv  X  and  >  raxs  causes  low-1. (•  1  amplification  of  the 
number  of  photographic  grains  produced  bv  each  incident  photon.  finally.  in  I  I  Ds 
the  response ,/(i\  is  reduced  when  the  range  ol  particulate  radiation  is  less  than  the 
diameter  of  the  III)  grains:  this  site-size-specific  effect  has  been  attributed  to  an 
insensitive  outer  laser  of  the  I  I  I)  grain  (22).  fhc  existence  of  these  phvsical  effects 
suggests  that  the  behavioral  effects  of  ionizing  radiation  max  have  explicable  caus¬ 
ative  mechanisms  on  a  solid-state  physics  or  physicochemical  level,  i.c..  ionic  or  radi¬ 
cal  interaction  with  neurons  or  membranes,  rather  than  w  ithin  the  traditional  micro¬ 
biological  or  biochemical  theories. 

The  current  data  max  also  have  implications  for  the  manned  space  program,  since 
the  relative  comparisons  suggest  that  high-energy  electrons  (common  in  space)  (22) 
disrupt  behav  ior  at  lower  doses  than  other  radiations,  regardless  of  the  doses  needed 
to  produce  I  PI).  I  his  concern  may  be  greater  now  than  before,  since  future  probes 
will  be  deeper  in  space  for  longer  durations,  or  the  spacecraft  will  use  geostationary 
orbits  with  less  atmospheric  shielding  (24.  25).  Also,  while  massive  radiation  is  not 
normal  in  space,  fairly  high  levels  have  been  reported  from  large  solar  proton  events 
(22).  I  or  instance,  in  August  1972.  a  large  event  occurred  that  would  have  given  space 
personnel  2.9  Cix/h  over  15  h  for  a  total  skin  dose  of  44  Civ  in  a  normal  orbit.  Al¬ 
though  this  event  was  the  worst  reported,  the  study  of  solar  activ  ity  is  new  and  the 
worst  case  may  be  unknown.  Other  space  radiations  may  also  affect  the  behav  ioral 
ability  of  personnel,  such  as  high  /  and  high-energy  (MZF  )  particles  that  can  create 
microscopic  lesions  in  tissue.  Recent  work  showed  that  7Ie  can  induce  a  conditioned 
taste  aversion  (a  variant  of  nausea  (2b))  and  disrupt  motor  performance  at  very  low 
doses  compared  to  ■>  photons  or  high-energy  electrons  (2  7  22).  If  this  is  true,  a  study 
of  the  effects  of  space  radiation,  "specially  HZP.  particles  and  proton  radiation,  is 
needed  before  astronauts  are  a  regular  part  of  that  environment. 
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Gamma  Radiation  Affects  Active  Electrolyte  Transport 
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I  he  response  of  ileal  segments  isolates)  Irom  rabbits  to  an  actively  transported  ammo  acid  and 
a  veerctagogue  wax  evaluated  following  exposure  to  lOCiy  whole-body  irradiation.  Ihe  ability 
of  ileal  segments  to  respond  to  the  actively  transported  amino  aeid.  alanine,  uas  not  significantly 
diminished  until  '»b  It  postexposure  Decreased  responsiveness  to  the  seerelagogue.  theophylline, 
occurred  ear  her  at  "’’It.  I  heseelleelsdid  not  appear  lo  he  accounted  lor  by  decreased  food  intake 
ol  irradiated  animals  alone  t  xamination  of  intestinal  morphological  changes  with  respect  to 
these  changes  in  electrolyte  transport  revealed  that  decreased  ammo  aeid  transport  coincides 
with  loss  of  intestinal  villi  Although  a  morphological  correlate  of  decreased  secretory  response 
was  not  as  striking  as  that  lor  absorption,  the  theophylline  response  appeared  to  decline  concom¬ 
itant  with  the  appearance  of  increased  mitotic  activity  in  the  intestinal  crypts.  I  he  results  of  this 
studs  indicate  that,  following  a  dose  of  HI  (l>.  the  inability  of  these  tissues  to  respond  to  amino 
acids  is  due  to  a  loss  of  mature  villus  absorptive  cells  subsequent  to  denudation  of  the  intestinal 
mucosa  I  here  appeared  to  be  little  impairment  of  cell  membrane  transport  processes  for  ala¬ 
nine.  In  contrast,  the  decreased  secretorv  response  could  not  he  correlated  with  the  disappear¬ 
ance  of  any  one  cell  type  and  perhaps  results  from  increased  proliferation  in  the  crypts  at  the 
expense  of  differentiation  ■  i'««  v  .uS-mu  iv-.  Iik 

iMRonrt  nos 

Although  effects  of  ionizing  radiation  on  the  gastrointestinal  traet  have  been  well 
doeumented  (reviewed  in  ( /  recent  studies  continue  to  provide  new  insight  into 
the  meehanisms  underlying  postirradiation  dysfunction.  Many  studies  have  focused 
on  ihc  effects  ol  radiation  on  nutrient  absorption  U-> V).  I  here  is.  however,  essentially 
little  information  concerning  the  effect  of  radiation  on  the  other  mode  of  transport 
m  these  tissues,  electrolyte  secretion.  Not  only  are  cellular  transport  processes  under- 
ly  mg  secretion  different  from  those  associated  with  absorption,  absorptive  and  secre¬ 
tory  cells  appear  to  be  localized  to  distinct  regions  of  the  intestinal  mucosa,  villus  and 
crypt,  respectively  (V-//).  Recent  observations  from  this  laboratory  1/2)  indicated 
that  active  transeellular  electrolyte  secretion  is  stimulated  24  h  following  radiation 
exposure,  which  may  contribute  to  fluid  and  electrolyte  loss.  Thus  information  con- 

4  1  '*  (Mill  ’SX7/X<>«,r<HI 
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corning  the  effect  of  radiation  on  secretory  as  well  as  absorptive  processes  is  important 
to  an  understanding  of  intestinal  dysfunction  postirradiation. 

To  examine  the  role  of  membrane  transport  processes  in  postirradiation  intestinal 
dy  sfunction  in  greater  detail,  this  study  assesses  in  rabbit  ileum  the  effect  of  radiation 
on  two  well-characterized  active  transport  processes.  Both  absorption,  stimulated  by 
amino  acids,  and  secretion,  stimulated  by  theophylline,  are  evaluated.  These  data  are 
correlated  with  changes  in  morphology  to  examine  the  relation  between  functional 
and  morphological  damage  induced  by  exposure  to  ionizing  radiation.  In  addition, 
since  absorption  and  secretion  are  localized  to  different  areas,  the  results  are  discussed 
with  respect  to  regional  effects  of  radiation.  The  results  show  that  both  absorption 
and  secretion  are  inhibited  by  radiation  exposure  with  different  time  courses.  Further, 
in  some  cases,  this  loss  of  function  can  be  attributed  to  the  demise  of  a  population  of 
intestinal  cells. 


\1t  l  HODS 

Mule  Sew  /calami  While  rabhusi  Ha/clton  Dutchland.  Denver.  PA)  weighing  2-3  kg  were  screened  for 
ev  idenee  of  disease  prior  to  use.  they  were  individually  housed  in  stainless  steel  cages  and  maintained  in 
rooms  at  2 1 ’( '.50’  •  RH.  12  h  light  1 2  h  dark  (no  twilight).  They  were  allowed  access  to  commercial  chow 
and  tap  water  ml libitum  except  for  'fasted  "  animals  from  which  food  was  withheld.  All  procedures  used 
for  animal  irradiation  and  assessment  of  transepithelial  transport  have  been  reported  previously  t/2). 
Briefly .  the  terminal  ileum  was  isolated  front  euthanatized  New  Zealand  White  rabbits  ( SO  mg/kg  iv .  pento¬ 
barbital  sodium)  that  were  either  exposed  to  10  Civ  whole-body  To  radiation,  sham  irradiated,  or  lasted 
I  hese  tissues  are  referred  to  as  irradiated,  control,  and  fasted,  respectively.  The  following  times  were  se¬ 
lected  for  isolation  of  tissues  from  the  animal:  24.  4X,  72.  or  %  h  postirradiation  or  post  last. 

I  or  the  assessment  of  transepithelial  electrical  parameters,  the  tissues  were  mounted  in  chambers  and 
bathed  with  a  standard  Ringer's  solution  (/_’).  Transepithelial  potential  (PI)),  resistance  (/t,l.  and  short- 
circuit  current  (/,  .  which  represents  the  sum  of  all  active  transcellular  ion  movements  across  the  tissue) 
were  monitored  as  previously  described  ( /').  After  steady-state  baseline  values  were  achieved  (generally 
SO-  lilt)  min),  the  response  of  the  intestinal  segments  to  an  actively  transported  amino  acid  v  .s  determined 
by  the  addition  of  alanine  from  stock  solutions  to  the  luminal  bath  (final  concentration.  10  m.'/).  Subse¬ 
quently .  alanine  was  removed  allowing  the  reestablishment  of  baseline  values  and  then  replaced  by  Ringer's 
containing  the  secretagogue  theophylline  ( 10  m  l/ 1.  The  response  of  irradiated  and  fasted  segments  was 
always  compared  to  that  of  a  control  animal  from  the  same  "batch  "  of  animals  to  minimize  differences 
arising  from  different  groups  of  animals  All  results  are  expressed  as  the  mean  t  STM.  Significant  differ¬ 
ences  Iront  control  were  determined  at  the  0.05  level  using  the  Student's  t  test. 

Xdditional  segments  ol  tissue  isolated  from  the  same  animals  used  in  transport  studies  were  prepared 
tor  morphological  examination.  Sections  were  stained  with  hematoxylin  and  eosin  and  examined  for  quali¬ 
tative  v  hanges  in  morphology  postirradiation. 

Rf-’SI  I  TS 

/  not  sport  studies  The  results  of  a  typical  experiment  are  shown  in  Tig.  I  in  which 
the  response  of  ileal  segments  isolated  from  an  irradiated  animal  24  h  postexposure 
is  compared  to  that  from  a  control  animal.  Although  the  baseline  Ac  was  elevated  24 
h  postirradiation,  the  response  of  the  tissue  to  both  alanine  and  theophy  lline  was 
essentially  identical  to  control.  Previous  studies  from  this  laboratory  ( 12)  have  shown 
that  the  elevated  basal  A*  post  irradiation  reflects  a  stimulation  of  cellular  secretory 
processes  ( blood  to  lumen)  that  are  similar  to  those  elicited  by  secretagogues  such  as 
theophy  lline  {U).  T  his  differs  from  the  ionic  basis  of  the  increase  in  A*  following 
alanine  addition,  which  reflects  increased  transcellular  absorptive  processes  (9). 
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l  li i.  I .  /„  of  ileal  segments  from  a  control  and  an  irradiated  animal  ( 10  (i\  I  with  respect  to  time  after 
mourning  in  chambers.  bach  point  is  the  mean  of \alues  for  four  segments  from  the  same  animal.  Arrows 
labeled  1 .  2.  and  T  indicate  alanine  addition,  alanine  removal,  and  theophylline  addition,  respectively. 


The  time  course  of  dilferences  in  the  response  of  irradiated  segments  ( 10  Gy)  to 
alanine  or  theophylline  with  respect  to  controls  is  shown  in  Fig.  2.  There  were  no 
significant  differences  observed  in  the  response  to  alanine  until  96  h  postexposure  by 
which  time  the  response  was  greatly  diminished.  Significant  declines  in  the  response 
of  irradiated  segments  to  theophylline  were  observed  to  occur  earlier  at  72  h  postirra- 
diation. 

Since  food  intake  of  irradiated  animals  initially  decreases  follow  ing  exposure,  the 
effect  of  fasting  on  the  response  to  alanine  and  theophylline  was  evaluated  in  control 
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Ik..  2.  Response  of  irradiated  tissues  to  alanine  (hatched  bars)  and  theophylline  (tilled  bars)  compared 
to  controls  with  respect  to  time  postirradiation.  ^Response  A/*  (irradiated)  A/„  (control):  n  4 
irradiated  and  4  control  tissues  for  each  bar; » indicates  significant  difference. 
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animals.  As  show  n  in  [  able'  I.  the  response  of  “'fasted"  animals  to  both  alanine  and 
theophylline  was  deereased  compared  to  nonfasted  controls  at  48  h  postfast.  Differ¬ 
ences  in  the  response  were  not  significant  at  the  other  times  studied  including  those 
at  which  significant  effects  of  radiation  were  noted.  Direct  com  pans*  n  of  the  fa., ting 
with  the  irradiated  data  (Table  I  and  fig.  2).  however,  did  not  show  significant  differ¬ 
ences  between  these  two  groups  at  72  or  96  h. 

Morphology.  T  he  morphology  of  ileal  segments  isolated  from  tissues  used  in  the 
transport  studies  above  was  examined  in  an  attempt  to  further  define  the  factors  un¬ 
derlying  the  changes  in  transport  properties  following  radiation  exposure,  figure  3 
shows  the  typical  appearance  of  an  ileal  segment  from  a  control  animal.  Long  linger- 
like  projections,  v  illi,  protrude  into  the  lumen  with  numerous  crypts  at  their  base 
(fig.  3.A).  (ells  lining  the  villi  are  columnar  epithelial  cells:  their  brush  borders  (com¬ 
posed  of  microvilli  on  the  individual  cells)  are  clearly  visible  in  l  ig.  3B.  A  smaller 
population  of  mucus-secreting  goblet  cells  is  also  present.  In  contrast  to  the  villus 
area,  the  crypt  area  (shown  in  fig.  30  has  at  least  five  main  cell  types  ( 14).  Three  of 
these  are  easily  identified  in  the  field:  Paneth  cells  located  at  the  base  of  the  crvpt. 
goblet  cells,  and  a  proliferative  cell  in  which  a  mitotic  figure  is  visible.  Argentaffine 
and  undifferentiated  crypt  cells  are  not  easily  identified  in  this  section. 

The  effects  of  radiation  on  the  morphology  of  rabbit  ileum  was  similar  to  that 
observed  in  this  and  other  species  for  a  dose  that  is  considered  "threshold"  for  gut 
injury  (75).  The  severity  of  the  damage  was  quantitatively  less  than  that  associated 
with  pure  gut  death  and  a  proliferative  burst  was  observed  in  the  crypts  at  the  later 
times.  The  time  course  of  the  changes  in  morphology  is  detailed  in  figs.  4-7.  At  24  h 
postexposure  little  change  in  the  gross  morphology  of  the  tissue  is  visible  (fig.  4A). 
T  here  is  no  obv  ious  blunting  of  the  villi  and  the  brush  border  membranes  are  still 
prevalent  (fig.  4B).  There  is  no  major  disruption  of  the  crypt  epithelium,  although 
discrete  areas  of  cell  death  arc  visible  (Fig.  4C).  While  the  radiosensitive  cells  cannot 
be  identified  in  the  figure,  the  Paneth  cell  population  appears  virtually  unaffected. 
Interestingly,  mitotic  figures  arc  not  frequently  seen  at  this  time,  suggesting  that,  while 
major  alterations  in  morphology  have  not  occurred,  mitosis  has  been  interrupted. 
Blunting  of  the  villi  is  observed  by  48  h  postirradiation,  and  a  greater  proportion  of 
the  villus  appears  occupied  by  goblet  cells  compared  to  control  (Figs.  5A,  5B).  Cell 
death  in  the  crypts  appears  comparable  to  that  at  24  h.  However,  at  this  time  u.il  li^ 


F  If 3.  (A)  Morphology  of  ileal  segment  from  a  control  animal.  Villus  (V)  and  crypt  (O  regions  are 
designated.  Boxes  indicate  regions  from  which  higher  magnifications  ((B)  and  (Cl)  were  taken  (B)  Higher 
magnification  of  villus  showing  goblet  (GO  and  epithelial  cells  (F.C).  (C)  Higher  magnification  of  cry  pt 
showing  gohlet  (GO  and  Paneth  cells  (PC).  A  mitotic  figure  is  shown  at  M.  The  scale  shown  is  200  ^m. 
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f  l(.  It  (  \)  (iross  morphology  of  ileal  segment  72  h  poslirrailiation  Higher  magnification  ot  Mllus  ami 
yr\pt  regions  in  IB)  anil  (<  )  is  taken  from  different  sections  hut  from  the  same  animal.  \  mitotie  tigure  is 
shown  at  \1  Seale  is  2(H)  um 
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figures  are  observed  once  again  (1  ig.  SO.  Similar  changes  in  morphology  arc  ob- 
serv  at  "2  li  post  irradiation  1 1  ms.  n  \.  oB).  blunting  of  the  \  illi  appears  to  have  in¬ 
creased.  1  he  number  of  mitotic  figures  appearing  in  the  crypt  area  also  seems  to  hav  e 
increased  in  1  ig  n(  IK  on  h  postirravliation.  blunting  of  villi  has  progressed  until 
thev  are  \  irtuallv  absent  ( I  tg.  ~  \  i.  W  here  not  denuded,  the  v  illus  remnants  are  eov  - 
ei  ed  with  culvid.il  rather  than  columnar  cells  1 1  ig.  '’IK.  I  he  ov  erall  depth  of  the  cry  pt 
epnhehum  has  met  eased.  Mitotic  Itguresaiv  numerous  and  observed  even  m  the  neck 
region  ol  the  erv  pt  I  his  was  not  seen  at  earlier  times.  I  Inis  the  entire  mucosa  appears 
to  be  undergoing  a  prohterative  burst  at  this  time,  perhaps  in  an  attempt  to  repopulate 
the  mucosa  w  uh  v  table  veils. 


I  )|S(  i  ssu  >\ 

In  an  earlier  siudv  changes  in  basal  transcellular  electrolyte  transport  pro¬ 
cesses  ol  rabbit  ileum  were  vleseribeil  with  respect  to  dose  and  time  alter  radiation 
exposure  I  he  results  indicated  that  a  stimulation  ol  electrolyte  secretory  processes 
occurred  IS  24  h  postirravliation  that  was  suggested  tocontribute  to  lluivl  and  electro¬ 
lvte  loss  associated  with  the  gastrointestinal  syndrome.  In  the  present  siudy.  changes 
in  the  pin stological  tunciion  ol  the  intestinal  mucosa  with  ravhation  have  been  ex- 
plorevi  m  greater  vletail  aiul  correlated  with  morphological  changes  I  he  response  of 
deal  see  mails  Irom  m\nlulc<l  animals  was  delei  mined  for  both  an  actively  trans¬ 
ported  ammo  acid,  alanine,  and  a  seeretagogue.  theophv  lime.  Since  the  responses  of 
the  tissue  to  these  agents  have  been  prev  tousle  attnbutevl  to  vhllerent  cell  pvipulations 
i1''-//).  evaluation  of  these  processes  allows  differential  examination  of  functional 
damage  to  these  two  regions  of  the  intestinal  mucosa. 

Increases  in  /...  following  the  addition  of  actively  transported  amino  acids  and  sug¬ 
ars  to  the  luminal  solution  have  prev  unislv  been  show  n  to  relied  increased  transcellu¬ 
lar  \a  absorption  (V).  \u  absorption  is  stimulated  because  the  influx  of  sugars  and 
ammo  acids  into  the  cell  is  energetically  coupled  to  N;t  entry.  In  addition,  overall 
lluivl  absorption  is  increased  in  the  process  due  to  the  resulting  osmotic  driving  force. 
Prev  ions  studies  hav e  prov  ivievl  eompellingev  idence  that  only  the  columnar  epithelial 
cells  lining  the  intestinal  v  ilh  acquire  transport  processes  required  to  absorb  sugar  and 
amino  acids  at  some  time  during  migration  along  the  v  illus  ( /o).  I  hus  the  assessment 
ot  the  response  to  alanine  following  radiation  exposure  specifically  probes  one  facet 
of  the  functional  integrity  of  the  villus  epithelium. 

\  significant  effect  of  radiation  on  the  response  of  iieal  segments  to  alanine  was  not 
observed  until  l>6  h  post  exposure  by  which  time  the  response  was  virtually  absent 
Morphological  examination  of  the  tissue  indicated  that  this  decline  in  the  response 
to  alanine  coincided  with  the  disappearance  of  the  intestinal  v  illi.  Since  the  electrical 
resistance  of  the  tissue  was  previously  shown  to  he  maintained  at  this  time  1 12).  the 
/v  still  appears  to  assess  transport  accurately  in  these  tissues.  Thus  decreased  amino 
aeivl  transport  can  he  attributed  to  a  loss  of  absorptive  villus  cells,  rather  than  to  an 
effect  of  radiation  on  the  underlying  cellular  transport  mechanisms. 

Previous  studies  of  the  effect  of  radiation  on  nutrient  absorption  bv  rat  intestine 
postirradiation  (  ~)  r  ported  decreased  intestinal  absorption  at  72  h  consistent  with 

the  results  of  the  present  study.  In  some  eases  (.7-6).  an  initial  increase  was  observed 
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ai  2d  h  that  was  not  soon  in  t ho  present  study.  Reduced  nutnont  transport  postirradia- 
tion  was  attributed  to  an  impairment  of  underlying  cellular  transport  processes.  I  low- 
evci.  in  support  of  the  oonolusions  drawn  in  the  present  study,  roduood  transport 
often  coincided  with  sc\erc  morphological  damage  to  the  intestinal  mucosa  (>.  0). 

I  ikew  iso.  kwock  (V  ill  l  /  ' )  observed  that  decreased  \a-dcpcndcnt  ammo  acid  trans¬ 
port  m  ly  mphoid  cells  immediately  preceded  decreased  cell  \  lability .  Additional  sup¬ 
port  for  the  notion  that  decreased  nutrient  transport  does  not  result  from  impaired 
cellular  transport  processes  is  found  in  more  recent  studies  m  which  the  cllects  of 
radiation  on  transport  can  be  clearly  distinguished  from  cell  killing  and  cllects  on 
proliferation.  (  hcesetnan  <v  <//  (M  observed  no  change  in  leucine  transport  in  entero- 
ey  tes  isolated  from  rats  3  day  s  after  6  ( iy :  glucose  transport  was  aetuallv  enhanced  in 
these  cells.  I  his  latter  effect  was  suggested  to  be  compensatory  subsequent  to  a  loss 
of  absorptive  surface  area.  Additionally.  Moran  <■/  <//  ( /.V)  observed  no  change  in 
basal  Na-coupled  sugar  transport  following  irradiation  of  cultured  renal  epithelial 
cells.  I  hey  observed,  however,  an  inability  of  irradiated  cells  I  •5  ( iy )  to  up-regulate 
the  number  of  glucose  transporters  when  given  an  appropriate  stimulus  that  was  at¬ 
tributed  to  tin  elfect  of  radiation  on  gene  expression. 

In  addition  to  studying  nutrient  absorption,  this  study  also  examines  intestinal 
secretory  processes  postirradiation.  Assuming  (as  is  generally  accepted)  that  these 
processes  reside  in  cells  of  the  cry  pt  epithelium  (V-/ /).  evaluation  of  the  response  of 
the  tissue  to  a  sccrclagogue  such  as  theophylline  will  assess  the  functional  integrity 
(in  terms  of  transport)  of  this  region.  Theophylline  was  observed  to  increase  /v  of 
control  as  well  as  irradiated  intestinal  segments  at  early  limes  postexposure  (•  72  It). 
The  increase  in  /,.  elicited  by  theophylline  is  related  to  a  stimulation  of  anion  secre¬ 
tory  processes  ( IJ).  As  is  true  for  osmotic  fluid  absorption  resulting  from  alanine 
transport,  this  secretory  process  stimulates  the  secretion  of  fluid  into  the  intestinal 
lumen.  Indeed,  it  is  the  stimulation  of  cellular  secretory  processes  that  is  responsible 
tor  fluid  and  electrolyte  loss  associated  with  a  large  number  of  diarrheal  diseases  ( /  V). 

Decreased  responsiveness  of  ileal  segments  to  secrctugogues  was  observed  72  h 
postirradiation.  I  ixamination  of  the  morphology  of  the  intestinal  mucosa  at  this  time 
revealed  blunting  of  the  villi  and  increased  mitotic  activity  in  the  crypts.  By  96  h 
postirradiation,  mitotic  figures  were  observed  even  at  the  neck  of  the  cry  pts,  but  a 
major  loss  of  cellularity  in  the  crypt  epithelium  during  this  time  was  not  apparent. 
Thus,  as  described  previously  for  the  small  intestine  of  other  species  (30-27).  rabbit 
ileum  apparently  undergoes  a  proliferative  burst  in  an  attempt  to  repopulate  the  in¬ 
testinal  mucosa,  (  valuation  of  transport  data  w  ith  respect  to  the  morphology  of  the 
crypt  epithelium  would  suggest  that,  in  contrast  toabsorption.  secretion  isdintinished 
in  spite  of  a  maintenance  of  cellularity  in  the  crypt  epithelium.  Since  substantial 
blunting  of  the  villi  does  occur  72  h  postirradiation,  this  result  could  be  interpreted 
as  indicating  that  some  villus  cell  population  that  is  secretory  is  lost  by  this  time. 
Since  amino  acid  transport  (clearly  a  villus  cell  function)  was  not  diminished  at  72  h 
but  was  diminished  at  %  h.  this  would  require  a  preferential  decline  in  secretory 
processes  and/or  enhancement  of  absorptive  processes  in  these  cells,  (riven  the  ev  i¬ 
dence  suggesting  that  secretion  is  localized  to  the  crypts (cf.  ((>-/  /))  and  that  increased 
mitosis  is  observed  at  72  h.  a  more  attractive  explanation  for  the  data  is  that  the 
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inability  of  the  tissue  to  respond  to  a  secrelagoguc  is  related  to  decreased  diflcrenlia- 
tion  of  the  er> pi  eell  population. 

1  huso  results  complement  our  earlier  observations  i  /  J  >  of  changes  in  basal  active 
electronic  transport  postirradiation.  \  secretory  response  was  observed  which 
peaked  between  IN  and  24  h  postirradiation  and  subsequently  declined.  I  he  basis ot 
this  time  course  was  unexplained.  It  now  appears  reasonable  to  suggest  that  as  for 
secretion  stimulated  in  i  im>  by  theophv  lime,  the  basal  secretory  response  postirradia- 
lion  declines  due  to  population  of  the  intestinal  crypts  with  less  ditlerentiated  cells 
undergoing  mitosis. 

In  interpreting  the  results  of  this  studs  with  respect  to  the  elfeet  of  ladiaiion  on 
intestinal  function,  two  important  caveats  require  consideration.  I  he  lust  is  that  the 
experimental  conditions  employed  max  not  precisely  refect  the  env  ironment  of  the 
irradiated  intestine  in  v/ro  I  Ins  is  a  consequence  of  the  icquirements  for  measuring 
active  transcellular  intestinal  transport  which  must  be  done  m  vnm  using  a  well- 
defined  media  bathing  the  tissue,  finis  the  tissue  is  not  e'po-.ed  to  various  substances 
normally  present  in  the  lumen  le.g..  bile  and  pancreatic  . n/vmes)  or  blood  that  may 
contribute  to  alterations  in  intestinal  transport  posiirraU  ahon.  I  h.s  concern  is  tem¬ 
pered.  however,  bv  the  fact  that  the  tissues  used  in  this  -tudv  were  isolated  from  the 
animal  immediately  before  transport  was  assessed  and  therefore  exposed  to  these  in 
Mvn  factors  from  the  time  of  exposure  to  the  time  of  measurement.  Prolonged  effects 
and/or  damage  from  such  agents  would  still  be  observed  in  these  studies,  and  al¬ 
though  short-lived  effects  would  not  be  observed,  they  are  less  likely  to  be  factors  in 
the  response. 

The  second  caveat  is  that  the  changes  observed  mav  not  reflect  direct  radiation 
damage  to  the  intestinal  mucosa,  but  secondare  effects  of  agents  such  as  those  dis¬ 
cussed  above  or  other  factors  resulting  from  radiation  exposure.  One  of  these  is  the 
possible  influence  of  decreased  food  intake  observed  in  irradiated  animals  which  was 
evaluated  in  this  study  by  comparing  the  response  of  fasted  animals  to  alanine  and 
theophylline  to  that  of  their  matched  controls  in  a  separate  series  of  experiments. 
Diminished  alanine  and  theophylline  responses  of  segments  from  fasted  animals  were 
significant  at  48  h  but  not  at  later  times  when  significant  effects  were  observed  be¬ 
tween  irradiated  animals  and  controls.  Although  the  magnitude  of  the  differences  in 
the  response  for  irradiated  animals  was  nearly  twice  that  of  fasted  animals,  a  direct 
comparison  of  the  data  from  these  two  groups  did  not  reveal  statistically  significant 
differences  between  fasting  and  irradiation  at  72  or  96  h.  While  this  may  be  related 
to  the  degree  of  variance  associated  with  the  physiological  response  of  the  two  groups 
to  these  conditions,  it  prevents  concluding  unequivocally  that  decreased  food  intake 
is  not  a  factor  in  the  radiation  response.  However,  considering  that  irradiated  animals 
are  not  totally  fasted  and  have  resumed  eating  by  72  h  postexposure,  the  direct  com¬ 
parison  of  fasting  and  irradiated  data  may  overestimate  the  role  of  fasting  in  the  re¬ 
sponse  of  irradiated  tissues.  This  taken  together  with  previous  studies  of  starving  rats 
(23.  24)  indicating  less  severe  morphological  changes  than  those  observed  in  this 
study  in  irradiated  rabbits  makes  it  difficult  to  reconcile  the  results  from  irradiated 
animals  as  only  secondary  to  decreased  food  intake. 

In  summary,  the  response  of  the  intestinal  mucosa  to  an  actively  transported 
amino  acid  and  a  secretagogue  was  used  to  assess  differential  effects  of  radiation  on 
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villus  ami  crypt  epithelia.  respectively .  I  hose  results  taken  together  with  the  morpho- 
logieal  changes  observed  suggest  that  secretory  processes  decline  at  72  h  perhaps  due 
to  increased  proliferation  in  the  crypts  at  the  expense  of  differentiation.  Nutrient  ab¬ 
sorption  was  observed  to  decline  later  at  l)6  h  and  was  related  to  the  loss  of  mature 
villus  cells  which  normally  occupy  the  intestinal  villus. 
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INTRODUCTION 

Successful  operations  in  space  depend  in  part  on  the  performance 
capabilities  of  astronauts  and  little  is  known  about  potential  consequences  of 
exposure  to  ionizing  radiation  on  behavior  and  the  brain  during  manned 
space  flights.  This  possible  threat  has  not  been  given  much  attention,  since 
all  manned  mission  have  been  located  in  low  cquitorial  orbit  and  radiation 
there  has  not  been  considered  hazardous.  Future  missions  in  space  will 
probably  involve  polar  orbits,  long-term  space  travel  beyond  the  Earth,  and 
extended  periods  during  which  astronauts  are  operating  outside  their  space 
craft.  Since  exposure  to  radiation  increases  under  these  conditions  because  of 
the  absence  of  the  Earth’s  normally  protective  transpolar  magnetosphere, 
astronauts  may  be  placed  at  considerable  additional  risk.  An  understanding 
of  this  risk  may  be  vital  to  the  survival  and  effective  performance  of  future 
missions  in  space.  Therefore,  it  is  desirable  to  understand  the  medical  and 
operational  risks  to  personnel,  including  an  assessment  of  possible  behavioral 
and  neurobiological  deficits. 

Radiation  hazards  outside  the  protection  of  the  Earth’s  magnetic  shield 
arise  from  solar  flares  and  intragalactic  cosmic  rays.  Intragalactic  cosmic  rays 
are  composed  of  protons,  alpha  particles,  and  particles  with  high  charge  and 
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energy  (HZE).  such  as  iron.  Although  tin-  hazards  of  exposure  to  cosmic 
rays  art-  often  minimized,  they  can  destroy  existing  cells.  Unless  their  effects 
can  somehow  he  reduced,  the  effects  on  the  various  organs  of  the  body, 
including  the  brain,  by  their  continuous  bombardment  by  radiation  during 
long  space  flights  could  be  disastrous.  In  some  instances,  it  has  been 
suggested  that  the  effects  of  cosmic  rays  on  space  travelers  could  result  in 
symptomatology  resembling  those  of  Alzheimer’s  or  Parkinson’s  disease  or 
advancing  age.  including  significant  cognitive  and/or  motor  impairments. 
Such  impairments  could  jeopardize  the  successful  completion  of  a  mission 
and  have  long-term  consequences  on  the  health  of  astronauts.  Presently,  little 
research  has  been  done  to  address  these  issues. 

Considerable  advances  have  been  over  the  last  20  years  in  the  study  of 
behavior  and  their  neurobiological  correlates.  Specific  paradigms  are  being 
used  to  inv  tigate  the  effects  of  ionizing  radiation  on  behavior  (Mickley  et 
al..  1988).  as  well  as  neurochemical  and  neurophysiological  endpoints  that 
underlie  behavior  under  study.  By  combining  these  analyses  with  very 
sensitive  behavioral  assessments  that  can  measure  specific  aspects  of  cognitive 
or  motor  performance  following  HZE  irradiation,  more  information  can  be 
obtained  concerning  important  biochemical  and  behavioral  relationships  that 
will  eventually  aid  in  predicting  and  controlling  possible  performance  deficits 
occurring  during  manned  space  flight. 


AFRRI  RESEARCH  IN'  SPACE  BEHAVIORAL  NEURORADIOBIOLOGY 
General  Considerations  and  Design 

In  order  to  gain  some  insight  into  the  possible  behavioral  and 
neurological  risks  of  irradiation  in  space,  investigators  at  the  AFRRI  initiated 
a  broad  research  effort  using  a  variety  of  approaches.  More  specifically,  the 
general  research  program  is  designed  to  gain  information  on  possible 
alterations  in  behavior  and  the  brain  after  exposure  to  heavy  particles,  such 
as  those  that  might  be  encountered  during  space  travel.  The  objectives  are 
to  describe  and  characterize  radiation-induced  behavioral  deficits,  determine 
their  underlying  causes,  and  develop  approaches  to  minimize  such  deficits. 

In  May,  1987,  the  research  group  spent  3  weeks  at  the  Lawrence 
Berkeley  Laboratory  (LBL)  in  Berkeley,  CA,  assessing  the  effects  of  COO  MeV 
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^Fe  particles  delivered  by  their  Bevalac  after  doses  of  50,  100,  or  500  rads 

on  several  behavioral  and  neurochemical  endpoints  (Table  1).  These 

measurements  were  performed  at  various  times  after  irradiation  (Table  2)  in 

an  effort  to  obtain  preliminary  information  on  the  potential  hazards  of  space 

travel  outside  the  protective  shield  of  the  Earth’s  magnetosphere.  The  effects 

of  the  three  different  doses  of  radiation  were  studied  in  rats  at  five  different 

times  after  irradiation  (3  days  to  6  months).  Although  all  of  the  data  have 

not  been  fully  analyzed  (6-month  groups),  several  important  observations 

were  made.  Presented  here  are  the  results  of  studies  examining  the  induction 

of  a  conditioned  taste  aversion  by  re  particles  and  the  actions  of  these 

particles  on  sodium  channels  in  synaptosomal  membranes.  Motor  responses  of 
56 

animals  exposed  to  Fe  particles  and  the  mechanisms  in  the  brain 
underlying  them  can  be  found  in  the  paper  of  Joseph  et  al.  (1988)  in  this 
volume. 

In  the  basic  experimental  design  of  these  experiments,  several 
assumptions  were  made.  First  of  all,  in  spite  of  the  complexities  of  the 
radiation  environment  in  space,  it  is  presumed  that  conditions  in  space  can 
be  simulated  on  Earth  under  controlled  conditions.  Biological  experiments  in 
space  are  very  expensive,  yield  too  little  information  when  sensitive  systems 
have  not  yet  been  identified,  and  are  generally  impractical.  Secondly,  since 
little  is  known  about  what  space  radiation  might  do  to  behavior  and  the 
brain,  effects  found  with  other  qualities  of  radiation  are  presumed  likely  to 
be  found  after  exposures  to  space  radiation.  This  approach  provides  a 
starting  point  for  the  design  of  appropriate  experiments.  Finally,  since  long¬ 
term,  low-level  irradiations  are  impractical  with  the  sources  available,  the 
effect  of  a  single  dose  over  time  is  assumed  to  provide  useful  insights  into 
how  space  radiation  might  affect  the  behavior  and  the  brain.  This 
assumption  may  be  especially  useful  when  studying  the  brain,  since  the  brain 
does  not  significantly  repair  itself  after  damage. 

The  irradiations  were  performed  at  the  Lawrence  Berkeley  Laboratory 

(LBL)  with  the  remainder  of  the  experiments  completed  at  the  AFRRI.  Male 
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Sprague-Dawley  rats  were  irradiated  by  600  MeV  Fe  particles  delivered  by 
the  LBL  Bevalac.  Iron  particles  were  chosen  because  of  their  high  LET  and 
the  difficulty  to  shield  against  them.  Doses  of  50,  100,  and  500  rads  were 
used  to  reflect  the  maximum  exposures  expected.  Measurements  were  made 
at  five  time  intervals  after  irradiation  ranging  from  3  days  to  6  months  in 
order  to  look  for  acute  and  delayed  effects. 


TABLE  1 


EXPERIMENTAL  MEASURES 
BEHAVIORAL  ENDPOINTS 


Taste  Aversion  Learning 
Motor  Tasks: 

Inclined  Screen 
Wide  Rod 
Narrow  Rod 
Wire  Suspension 

NEUROCHEMICAL  ENDPOINTS 
Sodium  Channels 
Dopamine  Release 
Catecholamines  and  Turnover 


(Index  of  Nausea  &  Emesis) 

(Muscle  Tone  &  Stamina) 
(Motor  Coordination) 

(Motor  Coordination) 

(Upper  Body  Strength) 

(Basic  Neuronal  Process) 
(Motor  Function) 

(Brain  Damage  &  Rate  of 
Information  Transfer) 


TABLE  2 

GENERAL  EXPERIMENTAL  DESIGN 
FOR  MAY  1987  EXPERIMENTS 

ANIMAL  MODEL 

Male  Sprague-Dawlcy  Rats 
RADIATION  SOURCE 

600  MeV/nucleon  Iron  Particles  (LBL  Bevalac) 
DOSES 

50,  100,  500  Rads 
DOSE  RATE 

100  Rads/min 

TIMES  AFTER  IRRADIATION 

3  Days,  8  Days,  14  Days,  &  6  Months 
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General  Methods 


Five  behavioral  and  three  neurochemical  endpoints  were  assessed  in  these 
experiments  (Table  1).  These  endpoints  were  chosen  because  of  their 
sensitivity  to  other  qualities  of  radiation.  The  behavioral  endpoints  include 
the  conditioned  taste  aversion  (CTA),  an  index  of  nausea  and  vomiting,  and 
several  motor  tasks,  measures  of  muscle  tone,  stamina,  coordination,  and 
upper  body  strength.  The  neurochemical  endpoints  include  the  movement  of 
sodium  ions  through  channels,  a  basic  neuronal  process;  dopamine  release,  a 
regulator  of  motor  activity;  and  catecholamine  levels  and  turnover,  a  rough 
estimate  of  brain  damage  and  the  rate  of  information  transfer  in  the  brain. 

Male  Sprague-Dawley  Orl:CD(SD)BR  rats  (Charles  River  Breeding 
Laboratories,  Kingston,  NY)  weighing  200-300  g  were  used  in  these 
experiments.  Rats  were  quarantined  on  arrival  and  screened  for  evidence  of 
disease  by  serology  and  histopathology  before  being  released  from  quarantine. 
The  rats  were  housed  individually  in  polycarbonate  isolator  cages  (Lab 
Products,  Maywood,  NJ)  on  autoclaved  hardwood  contact  bedding  (‘Beta 
Chip’  Northeastern  Products  Corp.,  Warrensburg,  NY)  and  were  provided 
commercial  rodent  chow  (‘Wayne  Rodent  Blok’  Continental  Grain  Co., 
Chicago  IL)  and  acidified  water  (pH  2.5  using  HC1)  ad  libitum.  Animal 
holding  rooms  were  kept  at  21  +  1°  C  with  50  +  10%  relative  humidity 
on  a  12-hr  light.-dark  lighting  cycle  with  no  twilight. 

56 

The  rats  were  irradiated  with  high-energy  Fe  particles  (600  MeV)  in 
the  Bevalac  at  the  LBL.  The  animals  were  irradiated  in  well-ventilated 
Plexiglas  holders  with  one  of  three  doses,  including  50,  100,  and  500  rads, 
at  a  dose-rate  of  40-140  rad/min.  Dosimetric  support  was  provided  by 
personnel  at  the  Bevalac.  Animals  irradiated  with  other  radiation  sources 
were  exposed  to  a  single  dose  of  50,  100,  or  500  rads  of  gamma  photons 
from  a  ®^Co  source  at  a  rate  of  40  rads/min  or  high-energy  electrons  (18.6 
MeV)  from  a  linear  accelerator.  Radiation  dosimetry  was  performed  using 
paired  50-ml  ion  chambers.  Delivered  dose  was  expressed  as  a  ratio  of  the 
dose  measured  in  a  tissue-equivalent  plastic  phantom  enclosed  in  a 
restraining  tube,  to  that  measured  free  in  air. 

General  Observations  after  ^Fe  Irradiation 


Although  not  a  specific  part  of  the  experimental  design,  any  unusual 
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reactions  by  the  animals  were  noted.  Based  on  subjective  observations,  the 
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animals  appeared  normal  after  irradiation  with  Fe  particles.  However,  after 
exposure  to  500  rads,  several  changes  were  observed.  The  exposed  rats 
progressively  lost  weight,  totaling  about  20%  of  body  weight  over  a  14-day 
period.  In  addition,  they  experienced  a  reduction  in  muscle  tone,  a  hind 
limb  tremor,  and  hypothermia  (animals  cool  to  the  touch)  3  days  after 
irradiation,  effects  that  had  disappeared  by  8  days  after  irradiation. 


CONDITIONED  TASTE  AVERSION  LEARNING  AFTER  IRRADIATION 


Characteristics  of  the  Conditioned  Taste  Aversion 


Animals  have  developed  over  the  course  of  evolution  mechanisms  to  help 
prevent  accidental  poisoning,  the  best-known  one  being  the  emetic  response. 
Emesis  can  occur  as  a  result  of  consuming  presumably  tainted  food  that  is 
then  expelled  from  the  stomach.  In  addition  to  emesis,  animals  are  also 
capable  of  avoiding  potentially  toxic  substances  after  a  single  ingestion  of 
quantities  less  toxic  than  those  required  to  induce  vomiting.  This  is  done 
through  a  process  called  the  conditioned  taste  aversion  (CTA).  A  CTA 
develops  when  the  animal  associates  the  taste  of  novel  tasting  food  with  a 
physiological  response,  possibly  illness,  and  then  subsequently  avoids  further 
ingestion  of  that  food.  In  a  laboratory  setting,  a  CTA  is  typically  induced 
by  pairing  a  normally  preferred  but  novel  tasting  fluid  with  exposure  to  a 
toxin.  The  animal  will  then  avoid  drinking  the  fluid  when  presented  again. 

The  conditioned  taste  aversion  (CTA)  paradigm  in  the  rat  can  be  used 
as  a  model  system  to  study  the  mechanisms  by  which  exposure  to  non-lethal 
levels  of  ionizing  radiation  can  produce  changes  in  the  behavior  of  an 
organism  (Rabin  and  Hunt,  1986).  Because  the  functional  effects  of  emesis 
and  taste  aversion  learning  are  similar,  in  the  sense  that  they  limit  the 
intake  and/or  absorption  of  toxic  substances,  a  number  of  investigators  have 
argued  that  the  CTA  paradigm  represents  a  model  system  for  the  study  of 
radiation-induced  nausea  and  emesis  (Garcia  et  ah,  1985;  Rabin  and  Hunt, 
1986).  Therefore,  the  CTA  provides  an  index  of  the  probability  that  nausea 
and  emesis  will  occur. 
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The  CTA  paradigm  offers  a  number  of  advantages  over  emesis  models, 
ihe  paradigm  can  be  used  with  rats,  inexpensive  and  easily  used  animals. 
They  are  small  enough  that  more  uniform  fields  of  radiation  can  be  obtained 
with  particle  accelerators  than  with  larger  animals.  Because  a  CTA  can  be 
easily  induced  in  a  relative  large  number  of  animals,  a  great  deal  of 
information  can  be  accumulated  quickly  as  well  as  the  characterization  of 
any  responses.  Since  the  mechanisms  underlying  the  CTA  and  emesis  appear 
to  be  similar,  this  approach  will  allow  for  the  formulation  of  more  specific 
hypotheses  that  could  be  applied  eventually  to  emesis  models. 

The  CTA  induced  by  ionizing  radiation  has  been  extensively  studied  and 
a  clearer  idea  of  how  it  develops  has  been  emerging.  The  most  important 
discovery  is  the  involvement  of  a  specific  nucleus  in  the  brain  stem,  the  area 
postrema.  The  area  postrema  has  been  demonstrated  to  play  an  critical  role 
in  the  development  of  CTAs  induced  by  a  broad  range  of  unrelated  toxins. 
This  part  of  the  brain  is  sufficiently  important  that  if  the  area  postrema  is 
lesioned,  the  development  of  a  CTA  is  blocked.  These  toxins  include  not 
only  ionizing  radiation  (Ossenkopp,  1983;  Rabin  et  al.,  1983),  but  also 
lithium  chloride  (Ritter  et  al.,  1980;  Rabin  et  al.,  1983),  copper  sulfate 
(Rabin  et  al.,  1985),  aluminum  chloride  (Rabin  and  Hunt,  unpublished 
observation),  paraquat  (Dey  et  al.,  1987),  angiotensin  II  (Rabin  et  al.,  19S6), 
amphetamine  (Rabin  et  al.,  1987),  WR-2721  (Rabin  et  al.,  1986),  and 
cisplatin  (Rabin  and  Hunt,  unpublished  observation).  In  addition,  other 
evidence  indicates  that  the  area  postrema  is  also  required  for  the 
development  of  emesis  (Wang  et  al.  1958;  Brizzee,  1970;  Harding  et  al., 
1985;  Rabin  et  al.,  1986).  Not  all  toxic  drugs  induce  CTAs  through  the  area 
postrema.  For  example,  ethanol-  and  morphine-induced  CTAs  are  not  blocked 
by  lesions  of  the  area  postrema  (Hunt  et  al.,  1987;  Rabin  and  Hunt, 
unpublished  observation). 

Since  many  unrelated  toxins  induce  CTAs  through  the  area  postrema,  it 
has  been  suggested  that  a  common  mechanism  may  underlie  all  these  effects 
(Rabin  and  Hunt,  1986).  Also,  since  toxins  are  generally  foreign  substances, 
specific  receptors  for  each  possible  toxin  are  not  likely  to  have  evolved. 
Consequently,  an  intermediary  mechanism  in  the  induction  of  CTAs  and 
emesis  involving  one  or  more  secondary  mediators  has  been  postulated  (Hunt 
et  al.,  1965;  Rabin  and  Hunt,  1986).  If  these  mediators  interact  with 
receptors  in  the  area  postrema,  they  may  then  activate  the  neural  circuits 
that  evoke  CTAs. 
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Induction  of  a  CTA  after  Exposure  to  Fe  Particles 

Research  was  initiated  to  determine  whether  high-energy  iron  particles 

could  induce  a  CTA  similar  to  other  qualities  of  ionizing  radiation,  such  as 

gamma  photons.  The  first  experiments  were  designed  to  find  the  doses  of 
5G 

Fe  particles  that  would  induce  a  CTA  and  compare  the  sensitivity  of  'he 
animals  to  those  irradiated  with  gamma  photons  or  high-energy  electrons. 

Conditioned  taste  aversions  were  produced  by  first  placing  the  rats  on  a 
23.5-hr  water  deprivation  schedule  for  5  days  during  which  water  was 
available  for  only  30  min  daily  during  the  early  light  phase  of  the  diurnal 
cycle.  On  the  conditioning  day  (day  6),  the  rats  were  presented  with  a 
solution  of  I0co  sucrose,  after  which  the  intake  of  the  fluid  was  recorded. 
Immediately  following  the  drinking  period,  rats  were  irradiated  with  the 
doses  stated  above.  On  the  following  day  (test  day),  10%  sucrose  was 
presented  again  and  the  consumption  during  a  30-min  period  was  recorded. 
A  CTA  existed  when  the  amount  of  fluid  consumed  on  the  test  day  was 
significantly  less  than  that  consumed  on  the  conditioning  day. 


Fig. 


Sucrose  intake  was  significantly  reduced  after  all  doses 


studied.  The  maximum  effect  of  the  radiation  is  presumed 


Dose  (rad) 


Fig.  2.  Conditioned  taste  aversions  after  different  doses  of  °  Fe  ions. 

gamma  photons  (^Co),  and  high-energy  electrons  (LINAC). 
5C 

Fe  ions  were  at  least  10  times  more  effective  in  inducing 
a  CTA  than  do  gamma  photons  or  electrons. 
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Exposure  to  all  doses  of  high-energy  Fe  particle  tested  resulted  in 

significant  dose-dependent  reductions  in  sucrose  intake,  indicating  the 

development  of  a  CTA.  In  fact,  maximum  reductions  were  found  after  all  3 

doses  of  radiation  (Fig.  1).  For  comparison,  when  rats  were  exposed  to  these 

same  doses  of  gamma  photons  or  high-energy  electrons,  dose-dependent 

decreases  in  sucrose  intake  were  observed,  indicating  the  development  of  a 

CTA  (Fig.  2).  However,  ^Fe  particles  were  considerably  more  effective  than 

the  other  two  qualities  of  radiation.  A  maximal  CTA  was  observed  only 

after  exposure  to  500  rads  of  photons  or  electrons.  A  further  characterization 

56 

of  the  dose-response  effects  of  '  Fe  particles  compared  to  other  qualities  of 
radiation  is  currently  in  progress. 

CEREBRAL  SODIUM  CHANNELS  AFTER  IRRADIATION 

Characteristics  of  Sodium  Channels  in  the  Brain 

The  generation  and  propagation  of  electrical  impulses  or  action  potentials 
in  neurons  is  initiated  by  the  rapid  inward  flow  of  sodium  ions  across  the 
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neuronal  plasma  membra  .e  (Hodgkin  and  Huxley,  1952).  In  the  resting  state 
a  neuron  maintains  a  esting  membrane  potential  that  results  from  the 
unequal  distribution  of  sodium,  potassium,  and  chloride  ions  across  the 
membrane  (Koester.  1981a. b).  When  neurons  are  electrically  excited,  sodium 
ions  flow  inward  on  their  concentration  gradient  until  the  membrane 
potential  is  reversed  (Koester,  1981c).  The  movement  of  potassium  ions  out 
of  the  neuron  proceeds  until  the  neuron  has  repolarized  and  the  neuron  is 
again  in  the  resting  state. 

Sodium  ions  enter  the  neuron  through  pores  in  the  membrane  railed 

channels.  These  channels  are  specific  to  sodium  and  traverse  the  neuronal 

plasma  membrane.  They  are  glycoproteins  containing  multiple  subunits 

(Catterall.  1982)  and  have  an  absolute  requirement  for  lipids  for  normal 

functioning  (Tamkin  et  al..  1984).  At  least  three  functional  sites  within 

sodium  channels  have  been  identified  based  on  the  actions  of  specific 

neurotoxins  (Catterall,  1980).  Site  I.  located  on  the  external  surface  of  the 

neuronal  membrane,  binds  tetrodotoxin  and  saxitoxin,  drugs  that  block  the 

generation  of  action  potentials.  Site  II.  located  in  the  lipid  core  of  the 

membrane,  binds  batrachotoxin  and  veratridine,  lipid-soluble  drugs  that 

activate  sodium  channels.  And  site  III,  located  on  the  membrane  surface  but 

with  projections  down  to  site  II,  binds  scorpion  and  sea  anemone  toxins  that 

enhance  the  actions  of  toxins  on  site  II  but  have  no  intrinsic  activity  of 

their  own.  N'eurochemicnlly.  the  functioning  of  the  sodium  channel  ran  be 

studied  with  a  synaptosomal  (pinch-off  nerve  endings)  preparation  (Krueger 

and  Blaustein.  19S0;  Tamkin  and  Catterall,  1981).  The  rate  of  uptake  of 

22 

““Na  ran  be  measured  after  exposure  to  the  neurotoxins  batrachotoxin  or 
veratridine,  thereby  assessing  what  would  occur  under  normal  physiological 
conditions. 

Sodium  Channel  Function  after  Exposure  to  ^Fc  Particles 
22 

The  rate  of  “  “  N  a  uptake  was  determined  in  synaptosomes  from  the 

cerebral  cortex  as  detailed  previously  (Mullin  et  al.,  1986).  A  crude 

mitochondrial  preparation  containing  synaptosomes  was  prepared  from  a 

cortical  homogenate.  The  final  pellet,  was  resuspended  in  ice-cold  incubation 

buffer  (8-10  ml/brain)  containing  5.4  mM  KC1,  0.8  niM  MgSO  5.5  mM 

glucose,  130  mM  choline  chloride,  and  50  mM  N-2-hydroxyethyl-pipera/.ine- 

.V-2-ethanesulfonic  acid  (HEPES),  with  the  pH  adjusted  to  7.4  with  Tris 
22 

base.  The  uptake  of  Na  was  measured  as  follows.  Aliquots  (50  /jl)  of  the 
synaptosomal  suspension  were  incubated  for  2  min  at  36°  C.  The  neurotoxin 
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veratridine  was  thou  added,  and  the  incubation  was  continued  for  an 
additional  10  min.  The  samples  were  then  diluted  with  300  /<1  of  uptake 

solution  containing  5.-1  mM  Kill,  0.8  mM  MgSO  5.5  inM  glucose,  128  niM 

22 

choline  chloride,  5  mM  ouabain,  2  mM  Nad,  1.3  /id  Na,  100  /iM 
veratridine,  and  50  mM  HEPES  (pH  adjusted  to  7.-1  with  Tris).  After  a 
5-sec  incubation,  uptake  was  term.nated  by  adding  ml  of  ice-cold  wash 
solution  containing  103  mM  choline  chloride,  0.8  mM  MgSOj,  1.7  mM 
<  a(’l,,.  1  mg/ml  of  bovine  serum  albumin,  and  5  mM  HEI’ES  (pH  adjusted 
to  7.-1  with  Tris).  The  mixture  was  rapidly  filtered  under  vacuum  through  a 
cellulose  filter  with  0.15-/im  pores,  and  the  filters  were  washed  twice  with  3 
ml  of  wash  solution.  Radioactivity  was  determined  by  liquid  scintillation 
spectrophotometry.  The  data  were  expressed  as  specific  uptake  determim  1  by 
subtracting  nonspecific  uptake  (samples  containing  1  /i.M  tet  rodotoxin)  from 
total  uptake. 


3  8  14  0  months 

days 

22.  .  5  G 

Fig.  3.  ““Na  uptake  after  different  doses  of  '  Fe  particles  and 

different  intervals  after  irradiation.  No  significant  differences 

were  observed  under  any  of  the  experimental  conditions 

studied. 


Rats  were  irradiated  with  ’^Fe  particles  in  the  manner  described  above. 
Measurements  of  veratridine-stimulated  sodium  uptake  in  synaptosomes  did 
not  reveal  any  consistent  and  statistically  significant  changes  after  exposure 
of  any  of  the  four  doses  of  radiation  nor  at  any  of  the  three  intervals  after 
irradiation  (Fig.  3). 
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GENERAL  DISCUSSION  OF  RESULTS 

Th('  experiments  completed  to  date  demonstrate  that  ^Fe  particles  can 
induce  a  C'TA  that  may  represent  a  state  of  illness,  possibly  nausea.  These 
results  along  with  those  presented  by  Joseph  et  al.  (198S)  suggest  that  the 
behavioral  effects  of  exposure  to  ^Fe  particles  may  be  at  least  10  times 
greater  than  those  observed  following  exposure  to  gamma  photons  or  high- 
energy  electrons.  They  also  may  reflect  a  greater  chance  for  the  occurrence 
of  nausea  and  emesis  in  astronauts  exposed  to  a  space  radiation  environment 
during  longer  terra  missions. 

The  successful  completion  of  missions  in  space  depends  in  part  on 
behavioral  and  neural  integrity  of  the  astronauts.  Given  the  potential 
significance  of  the  data  presented,  it  is  important  to  seriously  pursue  an 
active  program  of  research  into  the  possible  behavioral  and  neural  deficits 
that  might  occur  in  space  as  a  result  of  exposure  to  radiation.  By 
combining  sensitive  behavioral  assessments  that  can  measure  cognitive  or 
motor  performance  with  neurochcmical  analyses  following  HZE  irradiation 
(e.g.  Joseph  et  al.,  1988),  more  information  can  be  obtained  concerning 
important  behavioral  and  biological  relationships  that  will  aid  in  predicting 
and  controlling  possible  performance  d<Ttcits  during  manned  space  flight. 
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INTRODUCTION 

In  recent  years  there  has  been  increased  interest  in  the  study  of 
mammalian  organisinic  responses  to  heavy  charged  particles  (HZE’s).  This 
interest  has  been  generated  from  a  variety  of  areas  including  space 
radiobiology  (Grahri,  1973)  and  radiotherapy  (Castro  et  ah,  1985).  While  a 
great  deal  of  information  has  been  generated  that  is  concerned  with  the 
mechanisms  of  HZE  damage  and  repair  (Curtis,  1986;  Tobias,  1985)  or  the 
early  and  late  effects  of  HZE  damage  (Ainsworth,  in  press),  there  have  been 
few  attempts  to  investigate  the  effects  of  these  particles  on  any  motor 
behavioral  parameters.  The  potential  for  HZE’s  to  alter  behavioral 
performance  becomes  increasingly  important  when  one  considers  that  future 
space  travelers,  especially  those  who  will  be  on  long  space  voyages,  or  those 
who  may  be  carrying  out  tasks  outside  the  shelter  of  a  space  vehicle,  may 
be  exposed  to  HZE’s  that  can  create  microscopic  lesions  in  virtually  all 
organs  of  the  body  (see  Todd,  1983  for  review).  The  questions  as  to  whether 
or  not  such  exposure  results  in  performance  deficits  and  the  possible 
relationship  of  these  deficits  to  the  structural  specificity  of  damage  to  the 
brain  have  not  been  addressed  very  extensively.  There  are  indications, 
however,  from  at  least  one  experiment  (Philpott  et  al.,  1985)  that  mice 
given  brief  exposure  to  low  doses  of  4UAr  particles  showed  time-dependent 
reductions  in  performance  on  a  wire  suspension  task.  Moreover,  if  one  can 
extrapolate  from  studies  in  which  organisms  have  been  exposed  to  other 
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sources  of  radiation  and  behavioral  performance  examined,  it  might  be 
postulated  that  decrements  in  such  indices  as  motor  behavior  are  a  distinct 
possibility. 


Several  previous  studies  have  indicated  declines  in  motor  performance  of 
ltrauiatcd  animals  plac^n  in  ta^Ks  tor  which  the  organ;. mi  is  required  to 
display  physical  strength,  endurance,  and  coordination.  For  example,  studies 
in  irradiated  lower  animals  assessing  performance  on  psychomotor  tasks  have 
shown  dose-dependent  deficits  (e.g..  equilibrium  platform,  Barnes,  19CC,  19GS: 
accelcrod,  Bogo,  1984;  activity  wheel,  Franz,  1985).  These  studies  generally 
have  utilized  a  variety  of  radiation  sources  ranging  from  mixed  neutron-7 
(e.g.,  Franz,  1985)  to  high  energy  electrons  (Bogo,  1984).  The  precise  central 
locus  of  these  deficits  is  still  in  question.  There  is,  however,  a  great  deal  of 
evidence  from  non-irradiated  organisms  to  suggest  that  the  nigrost riat al 
system  may  be  very  important  in  mediating  these  types  of  motor  behaviors. 

It  is  becoming  increasingly  clear  that  the  telencephalic  end  terminus  of 
this  system,  i.e.,  the  striatum,  is  one  of  the  basic  central  processing  areas 
involved  in  the  mediation  of  motor  behavior.  This  structure  appears  to 
control  a  wide  variety  of  motor  responses  ranging  from  the  simple  (balance 
and  coordination,  see  Steg  and  Johnels,  1979  for  review)  to  the  complex 
(e.g.,  the  ordering  and  sequencing  of  intricate  behavioral  patterns  directed  by 
exteroceptive  stimuli,  Cools  et  al.,  1984;  Vrijmoed-dc  Vries  &  Cools,  198G). 
Since  it  can  be  postulated  that  control  of  such  complicated  patterns  of 
behavior  depends  upon  intrastriatal  coordination  of  a  host  of 
neurotransmitters  and  neuromodulators,  it  would  follow  that  if  any  of  these 
interactions  are  altered  as  a  result  of  heavy  particle  bombardment  in  a  space 
environment,  decrements  in  motor  function  may  result. 

Of  the  many  intrastriatal  neurotransmittcr  systems  that  may  be 
involved  in  mediating  these  types  of  behaviors,  two  of  the  more  important 
are  the  dopamine  (DA)  and  acetylcholine  (ACh)  systems.  It  is  believed  that 
these  neurochcrnicals  exert  part  of  their  control  through  reciprocal  inhibition. 
Any  radiation-induced  morphological  or  pharmacological  alterations  in  their 
function  may  be  translated  into  decreased  reciprocal  inhibitory  control  (RIC). 
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One  area  where  this  control  becomes  especially  salient  is  concerned  with  the 
cholinergic  regulation  of  striatal  DA  autoreceptors.  Striatal  DA  autoreceptors 
are  inhibitory,  control  DA  release  (Cebeddu  and  Hoffmann,  1982;  1983; 
Cohen  and  Berkowitz,  1976;  Dubocovich  and  Weiner,  1981;  Kelly,  1981; 
Plotsky  et  ah,  1977;  Westfall,  et  ah,  1976)  and  may  be  of  the  D 2  subtype 
and  Zahniser,  1986).  If  they  are  stimulated  v:->  DA  agonists  (e.g., 
apomorphine)  or  inhibited  with  DA  antagonists  (e.g.,  haloperidol),  K^-evoked 
release  of  DA  will  be  respectively  inhibited  or  enhanced.  These  receptors  are 
in  turn  controlled  by  a  group  of  inhibitory  muscarinic  heteroreceptors 
(Lehmann  and  Langer,  1982;  Raiteri  et  ah,  1982;  1984).  Muscarinic  agonists 
can  activate  the  heteroreceptors,  which  inhibit  the  DA  autoreceptors,  and 
potentiate  the  K^-evoked  release  of  DA  from  the  striatum  (Lehmann  and 
Langer,  1982;  Plotsky  et  ah,  1977;  Raiteri  et  ah,  1982). 

In  the  present  study,  it  became  of  interest  to  determine  if  there  could 
be  a  radiation-induced  reduction  of  autoreceptor  function  that  could  be 
related  to  the  deficits  in  motor  behavior  that  have  been  observed  in 
irradiated  animals.  The  present  experiment  was  directed  toward  making  these 
observations  by  examining  motor  behavioral  performance  in  rats  exposed  to 
HZE’s  and  relating  the  degree  of  alteration  of  such  performance  to  any 
observed  deficits  in  muscarinic  enhancement  of  the  K^-evoked  release  of  DA 
from  superfused  striatal  slices. 

METHODS 

Animals 

Male  Sprague-Dawley  Crl:CD(SD)BR  rats  (N  =  180,  Charles  River 
Breeding  Laboratories,  Kingston,  NY)  weighing  200-300  g  were  used  in  these 
experiments.  The  rats  were  housed  at  the  vivarium  at  the  Lawrence  Berkeley 
Laboratories,  Berkeley,  CA.  The  rats  were  maintained  in  polycarbonate  cages 
which  contained  autoclaved  hardwood  contact  bedding  ("Beta  Chip" 
Northeastern  Products  Corp.,  Warrensburg,  NY).  They  were  given  food  and 
water  ad  libitum.  The  animal  holding  rooms  were  kept  at  21  +  1°  C  with 
50  +  10%  humidity. 


Procedure 


A.  Radiation 


The  animals  were  divided  into  two  groups  (irradiated  and  control).  The 
irradiated  2'o”p  was  further  subdivided  into  three  groups  and  ’rradiate^ 
with  one  of  three  doses  (0.5  Gy,  1.0  Gy,  and  5.0  Gy)  of  600  MeV  ^Fe 
delivered  at  maximum  dose  rate  by  the  Bevalac  at  the  Lawrence  Berkeley 
Laboratory.  Control  animals  were  given  sham  exposure  by  being  placed  into 
a  well-ventilated  plastic  restrainer  for  an  equivalent  length  of  time  as  that 
for  the  irradiated  animals.  Only  one  dose  was  administered  on  a  particular 
day;  so,  the  three  doses  were  administered  over  three  days.  Behavioral  and 
biochemical  changes  were  then  examined  at  3,  8,  and  14  days  post-exposure 
or  sham  exposure  in  subsets  of  these  animals  (N  =  10  control  and  10 
experimental  animals  at  each  time).  Because  of  limitations  imposed  by  other 
in  vitro  biochemical  tests  (not  discussed  here),  one-half  of  each  group  was 
tested  in  the  a.m.  and  the  other  half  in  the  p.m. 

B.  Behavior 


The  animals  were  tested  on  a  battery  of  four  motor  tests: 

1-2.  Rod  walking  —  The  ability  of  the  rats  to  balance  on  stationary 
horizontal  rods  of  two  diameters:  12  mm  (narrow  rod)  and  wide  25 
mm  (wide  rod)  suspended  6.0  cm  above  a  table  was  assessed.  Each  rat 
was  given  one  trial  and  could  achieve  a  maximum  score  of  60  sec 
(wide  rod)  or  120  sec  (narrow  rod).  Animals  were  placed  in  the  center 
of  the  rod  and  parallel  to  it.  The  time  in  seconds  that  the  animal 
remained  on  the  bar  was  recorded  with  a  stopwatch.  When  the  animal 
fell  off  the  trial  ended. 

3.  Wire  suspension  —  The  prehensile  reflex  refers  to  an  animal’s  ability  to 
grasp  a  horizontal  wire  with  its  forepaws  and  to  remain  suspended.  It 
is  presumed  to  be  a  measure  of  muscle  strength.  In  this  test, 
individual  rats  were  raised  to  an  elevated  hanging  wire  8  cm  above  the 
table  top  and  given  one  trial  each,  with  total  hanging  time  (in  sec) 
recorded. 

4.  Inclined  screen  —  This  test  is  purported  to  measure  muscle  tone  and 
stamina.  Each  subject  was  placed  in  one  of  5  separate  compartments  of 
a  wire  mesh  screen  inclined  at  a  60°  angle.  The  screen  was  suspended 
60  cm  above  the  table  surface  and  the  maximum  time  allowed  on  the 
screen  was  1800  sec. 
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C.  Muscarinic  Control  of  Dopamine  Release 


Following  the  behavioral  tests  the  animals  were  killed  by  decapitation, 
the  brains  quickly  removed,  and  the  striata  dissected  on  ice.  Slices  (300  mp) 
were  prepared  using  a  Mcllwain  tissue  chopper.  Striatal  slices  from  each 
animal  were  placed  into  small  glass  vials  containing  a  modified  Krebs-Ringer 
basal  release  medium  that  had  been  bubbled  for  30  minutes  with  95% 
C>2/5%  C02  and  contained  (in  mM)  NaHCOg  21,  glucose  3.4,  NaH2P04  1.3, 
EGTA  1,  MgCl2  0.93,  NaCl  127,  and  KC1  2.5  (pH  7.4).  The  slices  were 
washed  twice  in  tvis  medium  and  aliquots  placed  into  two  chambers  of  a 
superfusion  apparatus  containing  16  parallel  chambers.  Since  the  apparatus 
only  contained  16  chambers,  only  striata  from  8  animals  could  be 
accommodated.  Therefore,  striata  were  examined  from  a!!  of  experimental 
animals  (5)  and  three  of  the  five  control  animals  (randomly  selected)  for 
each  run.  The  tissue  and  buffer  media  were  maintained  at  37°  C  throughout 
the  course  of  the  experiment.  Following  placement  into  the  superfusion 
chambers,  the  tissue  was  allowed  to  equilibrate  for  30  minutes.  It  was 
continuously  perfused  with  th-  oxygenated  basal  release  medium  at  the  rate 
of  124  pl/min.  After  the  equilibration  period,  a  5  min  baseline  fraction  was 
collected  on  ice  and  the  medium  was  then  switched  to  one  containing  (in 
mM)  K Cl  30,  CaCl2  1.26  and  NaCl  57  as  well  as  the  other  components 
described  above  (pH  7.4)  in  the  presence  or  absence  of  500  /iM 
oxotremorine.  Following  the  switch,  5  min  fractions  continued  to  be  collected 
on  ice  for  30  minutes. 

The  fractions  were  collected  into  tubes  containing  0.3  ml  of  cold  0.4  N 
perchloric  acid,  0.05%  sodium  metabisulfite,  and  0.1%  EDTA.  These  samples 
were  then  stored  at  -80°  C  until  later  analysis  for  DA  via  high  performance 
liquid  chromatography  (HPLC)  coupled  to  electrochemical  detection. 

The  HPLC  consisted  of  a  Varian  model  5000  ternary  chromatograph,  a 
Varian  401  data  system,  a  Varian  model  8055  autosampler,  and  a  Valeo  air 
actuated  injector  with  a  50  pi  loop.  The  effluent  was  monitored  with  a 
bioanalytical  systems  LC-4B  amperometric  detector  using  a  glassy  carbon 
electrode.  The  detector  potential  was  set  at  0.72  V  as  a  Ag/AgCl2  reference 
electrode  with  a  sensitivity  of  10  nA/V.  The  mobile  phase  consisted  of  a 
filtered,  degassed  100  mM  KH2PO^  buffer  containing  3  mM  1-heptanesulfonic 
acid,  100  /<M  EDTA,  and  8%  (V/V)  acetonitrile  (pH  3.6).  The  components 
were  eluted  off  a  Waters  10  pm  particle,  /iBondapak  C^g  reverse-phase 
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column  (30  x  0.39  cm;  flow  rate  =  1  ml/min)  maintained  at  30°  C.  Results 
were  calculated  relative  to  known  previous  standards  that  were  analyzed  on 
the  HPLC  under  similar  conditions.  Data  were  expressed  as  pmoles/mg 
protein  as  analyzed  by  the  Lowry  procedure  (1951). 

Data  Analysis 

Data  from  the  behavioral  experiments  were  analyzed  by  using  4  (0,  0.5, 
1.0,  5.0  Gy)  by  3  (day)  analyses  of  variance.  Data  from  the  perfusion 
experiments  were  analyzed  by  first  computing  difference  scores  by  subtracting 
the  pmoles  of  DA  released  to  0  /iM  oxotremorine  from  that  released  to  500 
/iM  for  each  fraction  and  for  each  "striatal-channel”  pair.  These  difference 
scores  were  then  analyzed  by  2  (control  vs  radiation)  by  3  (day)  by  7 
(fractions)  repeated  measures  (on  the  last  factor)  analyses  of  variance  (one 
analysis  for  each  radiation  dose  level).  In  addition,  correlational  analyses 
were  carried  out  by  correlating  the  peak  DA  release  difference  with  the 
number  of  seconds  that  a  particular  animal  remained  suspended  on  the  wire. 
The  wire  suspension  task  was  used,  since  preliminary  data  analysis  indicated 
that  there  were  no  significant  radiation-induced  deficits  on  the  other 
behavioral  tasks. 


RESULTS 


Behavior 


The  results  of  the  wire  suspension  task  are  illustrated  in  Fig.  1.  As 
can  be  seen  from  this  figure,  exposure  to  Fe  particles  induced  deficits  in 
this  task,  and  irradiated  animals  remained  suspended  on  the  wire  for  a 
shorter  time  than  controls  (F  (3/142)  =  26.09  p  <  0.001).  There  were, 
however,  some  differences  in  performance  among  the  various  radiation-treated 
groups  especially  at  three  days  post-irradiation,  where  the  animals  that 
received  5  Gy  did  not  show  any  deficits  in  performance  on  this  task 
(Duncan’s  post  test  comparisons,  5  Gy  vs  control  p>  0.05,  5  Gy  vs  1  Gy 
p<  0.01,  5  Gy  vs  0.5  Gy  p<  0.005  uf=ll).  At  later  time  points  (8  and  14 
days),  there  were  no  differences  among  the  radiation-treated  groups  (all 
comparisons  p>  0.05),  and  all  differed  from  controls  (Fig.  1). 
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Fig.  1.  Total  time  (in  sec)  that  animals  given  one  of  three 
radiation  doses  or  sham  irradiated  could  remain  on  a  taut, 
plastic  coated  wire  with  their  forepaws  as  a  function  of 
days  post-irradiation 

Results  from  the  other  behavioral  tests  indicated  that  performance  of 
the  irradiated  groups  did  not  differ  from  the  control  group  on  the  wide  rod 
or  the  inclined  screen.  However,  there  was  a  tendency  for  a  greater  number 
of  the  irradiated  animals  to  fall  off  the  narrow  rod  before  the  120  sec 
maximum,  especially  at  the  later  post-irradiation  times  (e.g.,  5  Gy  vs  control 
at  14  days  post-irradiation,  6/10  and  6/6,  respectively). 

DA  Release 

Analysis  of  the  K^-evoked  release  of  DA  at  the  0  oxotremorine 
concentration  indicated  that  striata  from  the  irradiated  groups  showed 
greater  release  than  controls  (0.5  Gy,  F(l2,468)  =  2.58  p<  0.0025;  1.0  Gy, 
F (12,462)  =  4.37  p<  0.0001;  5.0  Gy,  F(12,468)  =  2.71  p<  0.01)  and 
subsequent  post  hoc  t-tests  indicated  that  this  difference  was  especially 
salient  at  3  days  post-irradiation.  At  later  time  points  it  was  variable  (Fig. 
2).  However,  even  though  DA  release  to  30  mM  KC1  without  oxotremorine 
was  higher  in  irradiated  animals  (Fig.  3),  analysis  of  oxotremorine 
enhancement  of  K^~-evoked  release  of  DA  indicated  that  such  enhancement 
was  reduced  in  the  irradiated  groups  (overall  radiation  vs  control  by 
fraction,  0.5  Gy  F(6,468)  =  31.36  p<  0.0001;  1  Gy  F(6,462)  =  17.54  p< 
0.0001;  5  Gy  F(6,468)  =  9.72  p<  0.0001). 
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Fig.  2.  Peak  release  of  dopamine  (DA)  from  superfused  striatal 

tissue  slices  following  stimulation  by  30  mM  KC1.  Striata 

were  obtained  from  Sprague-Dawley  rats  given  one  of  three 
5  6 

doses  of  Fe  or  sham-  irradiated  and  killed  by 
decapitation  at  3,  8,  or  14  days  post  irradiation. 
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Fig.  3 


DA  release  to  30  mM  KC1  supervised 
as  a  function  of  days  post-irradiation 
(See  Methods). 


onto  striatal  slices 
or  sham-irradiation. 


There  was  some  indication,  however,  that  the  striata  obtained  from  the 
group  treated  with  5  Gy  initially  (3  days)  showed  no  reduction  of 
enhancement  of  K  ^-evoked  release  of  DA.  These  deficits  did  not  appear 
until  the  8-  and  14-day  post-irradiation  time  points  (radiation  vs  control  by 
fraction  by  day  F(12,4G8)  =  5.70  p<  0.0001).  In  contrast  to  this  group, 
attenuation  appeared  as  early  as  3  days  in  the  other  two  radiation-treated 
groups,  and  response  differences  as  a  function  of  days  were  n-'t  observed 
(F’s  <  1,  Fig.  2). 

Interestingly,  these  response  characterizations  parallel  the  deficits 
observed  with  respect  to  wire  suspension.  This  is  more  clearly  seen  by 
comparing  Fig.  4  which  shows  the  peak  enhancement  of  K^-evoked  release 
of  striatal  DA  with  Fig.  1.  It  can  be  seen  that  the  response  profiles  from 
both  the  biochemical  and  behavioral  parameters  are  very  similar.  For 
example,  the  3  Gy  group  showed  neither  behavioral  deficits  nor  DA  response 
reduction  at  3  days  post-irradiation,  while  at  8  and  14  days,  deficits  were 
observed  in  both  response  parameters.  Subsequent  correlational  analysis 
indicated  significant  correlations  between  the  time  on  the  wire  suspension 
task  and  degree  of  oxotremorine  enhancement  of  K ^-evoked  release  of  DA 
from  the  striatal  slices  (Fig.  5,  0,  and  7)  from  the  irradiated  animals. 


Days  PostirradiitiOM 

Fig.  4.  Peak  differences  in  DA  release  between  0  fi M  and  500  /<M 
oxotremorine  superfused  onto  striatal  slices  in  the  presence 
of  30  rnM  KC1  as  a  function  of  days  post-irradiation  or 
sham- irradiation. 
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DISCUSSION 


The  present  results  elucidate  one  possible  mechanism  by  which  motor 
deficits  may  occur  following  irradiation.  It  appears  that  there  is  an 
attenuation  of  muscarinic  heteroreceptor  responsivity  in  the  striatum  that  is 
maximized  in  all  groups  within  8  days  after  exposure  to  ^Fe.  This  change 
is  significantly  correlated  with  at  least  one  of  the  motor  behaviors  which 
assesses  upper  body  muscle  strength  (i.e.,  wire  suspension).  There  were  also 


Wire  Suspension  Time  (sec) 

Fig.  5.  Scatter  plot  of  peak  differences  in  DA  release  between  0 
/mi  and  500  /<M  oxotremorine  superfused  onto  striatal 
slices  in  the  presence  of  30  mM  KC1  for  each  animal  as  a 
function  of  its  wire  suspension  time  at  the  0.5  Gy  level. 


deficits  in  the  irradiated  animal's  ability  to  remain  on  the  narrow  rod  which 
were  greater  as  a  function  of  the  post-irradiation  day  on  which  the},  were 
tested.  While  the  mechanism  of  these  deficits  is  not  clear,  it  has  been 
hypothesized  that  these  changes  may  be  brought  about  by  the  destructive 
capabilities  of  free  radicals  generated  by  the  irradiation  (See  below).  If  this 
is  the  rase,  then  there  should  be  other  instances,  perhaps  in  nonirradiated 
animals,  in  which  damage  from  free  radicals  would  produce  similar  kinds  of 
effects. 
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Fig.  6.  Peak  differences  in  DA  release  for  each  animal  as  a 
function  of  its  wire  suspension  time  at  the  1.0  Gy  level. 
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Fig  7.  Peak  differences  in  DA  release  for  each  animal  as  a 
function  of  its  wire  suspension  time  at  the  5.0  Gy  level. 
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One  group  of  organisms  where  damage  from  free  radicals  seems  to  have 
taken  its  toll  on  central  nervous  function  is  made  up  by  those  that  are 
senescent.  It  is  believed  that  life-span  effects  of  free  radicals  produced  during 
the  course  of  normal  metabolism  are  believed  to  be  responsible  for  the 
alterations  in  membrane  structure  and  function  seen  in  senescence  (Schroeder, 
1984).  In  the  CNS,  the  transbilayer  fluidity  differences  induced  by 
peroxidation  may  be  intimately  involved  in  such  factors  as  loss  of 
neurotransmitter  receptor  function  (Schroeder,  1981).  In  this  regard,  it  is 
interesting  to  note  that  correlated  striatal  and  motor  behavioral  deficits 
similar  to  these  have  been  reported  in  the  present  study  have  been  reported 
to  occur  as  a  function  of  aging.  These  experiments  have  indicated  that  there 
are  age-related  deficits  in  balance,  strength,  and  coordination  (for  review,  see 
•Joseph  et  al.,  1986)  as  assessed  with  some  of  the  same  tasks  that  were 
utilized  in  the  present  experiments.  Moreover,  these  alterations  occui  in 
concert  with  specific  striatal  changes  such  as  decreases  in  tyrosine 
hydroxylase  activity  (McGeer  ct  al.,  1977)  and  decreases  in  striatal  D£ 
(Joseph  et  al.,  1978;  Severson  and  Finch,  1980;  Severson  et  al.,  1982)  and 
mACh  (Morin  and  Wasterlain,  1980;  Strong  et  al.,  1984)  receptor 
concentrations,  as  well  as  reduction  of  the  muscarinic  enhancement  of  the 
K+-evoked  release  of  DA  (Joseph  ct  al.,  in  press). 

While  time-dependent  assessments  of  the  alterations  in  striatal  D9  and 
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mACh  receptor  concentrations  in  animals  irradiated  with  Fe  are  presently 
being  carried  out,  and  we  cannot  say  the  parallel  extends  to  these 
parameters,  the  present  results  provide,  for  the  first  time,  strong  evidence  to 
suggest  that  there  are  radiation-induced  alterations  in  the  nigrostriatal 
system,  an  area  that  is  one  of  the  most  sensitive  to  the  ravages  of  time 
(Joseph  et  al.,  1986),  and  that  these  changes  can  occur  at  relatively  low 
radiation  doses.  A  second  area  that  appears  to  ’go  gently  into  that  good 
night  and  does  not  rage  against  the  dying  of  the  light’  is  the  hippocampus. 
Numerous  reports  have  indicated  that  this  important  ’working  memory’ 
control  area  is  both  structurally  (e.g.,  Brizzee  and  Ordy,  1979)  and 
functionally  (Landfield,  1984)  altered  in  senescence,  and  much  like  the 
striatum  is  affected  by  HZE’s.  In  this  case  Philpott  and  his  associates  (1985) 
showed  that  morphological  changes,  which  were  assessed  in  mice  at  6  and  12 
months  following  exposure  to  0.005  Gy  or  0.5  Gy  found  that  in  the  CA-1 
area  of  the  hippocampus,  both  the  synaptic  density  and  the  synaptic  spine 
length  were  lower  in  the  irradiated  animals  relative  to  the  controls. 
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These  experiments  provide  further  support  for  the  ’age-radiation 
parallel’  hypothesis  which  has  been  suggested  in  the  literature  for  over  30 
years  (e.g.,  see  Alexander,  1957;  Upton,  1954).  These  early  studies  and  later 
ones  have  suggested  that  radiation  may  have  a  life  shortening  effect  (e.g., 
Ainsworth  et  al.,  1976)  and  may  bring  about  changes  in  biochemical  (Upton, 
1954;  Adelman  and  Britton,  1975;  Aiyar  and  De,  1978)  and  cellular 
(Ainsworth  et  ah,  1976)  parameters.  Indeed,  one  study  (De  et  ah,  1983)  has 
indicated  that  radiation  exposure  (  Co  source)  resulted  in  enhanced 
accumulation  of  lipofuscin  (the  ’age  pigment’)  in  the  brains,  hearts,  and 
intestines  of  the  treated  animals.  Associated  with  these  alterations  were 
increases  in  lipoperoxidation  in  liver  as  well  as  increases  in  the  activities  of 
acid  phosphatases  and  cathepsin  in  these  same  peripheral  organs.  All  of 
these  changes  are  associated  with  free  radical  damage,  are  similar  to  those 
which  occur  during  aging,  and  are  effectively  prevented  by  dietary 
supplementation  with  the  antioxidant  BHT.  In  light  of  the  ’free  radical 
theory  of  aging’  it  is  possible  that  changes  induced  by  aging  and  those 
induced  by  radiation  may  share  a  common  chemical/biochemical  mechanism. 

Thus,  while  there  are  numerous,  parametric  experiments  concerned  with 
dose,  time,  species,  radiation  source,  etc.,  the  results  of  earlier  studies  as 
well  as  the  present  one  indicate  that  under  the  right  conditions  accumulating 
time  in  space  can  accelerate  the  aging  process  with  some  or  all  of  its 
attendant  motor  and  cognitive  problems. 
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I  he  effect  of  ""Co  ->  radiation  on  DNA  methylation  was  studied  in  four  cultured  cell  lines. 
In  all  cases  a  dose -dependent  decrease  in  5-methylcytosine  was  observed  at  74.  48.  and  72  h 
postesposure  to  0.5-10  Gy.  Nuclear  DNA  methyltransfera.se  activity  decreased  while  cytoplas¬ 
mic  activity  increased  in  irradiated  ( 10  Gy)  V79A05  cells  as  compared  to  controls.  No  DNA 
demethy  lase  activ  ity  was  detected  in  the  nuclei  ol  control  or  irradiated  V79A0.A  cells.  Addition¬ 
ally  .  y  radiation  resulted  in  the  differentiation  of  C- 1  500  N  1  tv- 1 15  cells,  a  mouse  neuroblastoma 
line,  in  a  dose-  and  time-dependent  manner.  These  results  are  consistent  with  the  hy  pothesis 
that  ( I )  genes  may  be  turned  on  following  radiation  v  ia  a  mechanism  involving  hypomcthylation 
of  cytosine  and  (2i  radiation-induced  hypomcthylation  results  from  decreased  intranuclear  lev¬ 
els  of  DNA  methyltransferase.  •.  i>»tw  v-atieimv Pint  In, 


INTRODUCTION 

The  methylation  of  DN  A  is  a  postreplicative  process  catalyzed  by  specific  methyl- 
transferases  which  transfer  the  chemically  active  methyl  group  from  S-adenosy  lmeth- 
ionine  to  carbon-5  of  a  cytosine  residue  (/).  DNA  methyltransferases  can  catalyze 
two  methylation  reactions  on  DNA: 

1.  de  novo  methylation.  involving  methy  lation  of  a  cytosine  residue  on  one 
strand  even  though  the  cytosine  on  the  complementary'  strand  is  not  methylated,  and 

2.  maintenance  methy  lation.  in  which  the  enzyme  methylates  a  cy  tosine  on  one 
strand  using  a  methylated  cytosine  on  the  other  strand  as  a  recognition  signal. 

Maintenance  methylation  constitutes  the  bulk  of  the  methy  lation  activity  in  vivo 
(2).  In  normal  eukaryotic  DNA.  5-methylcytosine  appears  as  the  only  modified  base 
(J)  and  then  only  in  5'-CpG-3'  sequences.  The  nonrandom  distribution  of  5-methyl¬ 
cytosine  in  eukaryotic  DNA  and  the  fact  that  not  all  potentially  methylatable  cyto¬ 
sines  arc  methy  lated.  along  with  the  high  metabolic  cost  of  maintaining  the  methyla¬ 
tion  pattern,  suggest  an  important  regulatory  function  for  this  modified  base.  At  pres¬ 
ent  the  methy  lation  of  DN  A  has  been  shown  to  play  a  major  role  in  the  packaging 
and  repair  of  DNA  (4-6).  the  control  of  gene  expression  (7.  H),  carcinogenesis  (9- 
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/  /).  cellular  development  and  differentiation  ( 12-14),  and  the  stabilization  of  DNA 
conformational  states  ( 15).  The  occurrv.-r.ee  of  5-methylcytosine  in  DNA  may  also 
allow  the  cell  to  discriminate  between  strands  in  mismatch  repair  (5.  6).  For  example, 
damage  to  the  5-methylcytosine  residue  of  DNA.  resulting  in  deamination  to  form 
thymine,  could  be  corrected  by  the  appropriate  repair  enzymes  using  the  undamaged 
methylated  DNA  strand  as  a  template  for  repair.  Methylated  DNA  also  aids  in  the 
packaging  of  the  DNA  into  nucleosomes.  It  has  been  shown  that  DNA  containing  5- 
methylcytosine  is  packaged  into  nucleosomes  (4)  and  is  located  primarily  in  the  core 
particles  1 1 0) 

Hypomethylalion  of  DN  A  can  result  in  activation  of  normally  quiescent  genes. 
Genes  showing  methy  lation-induced  deactivation  include  hamster  adenine  phospho- 
ribosy  Itransferase  (<S).  HeLa  cell  and  mouse  hypoxanthine  phosphoribosy  I  transferase 
( 1 IS),  and  metallothionein  ( /V).  Most  of  the  methy  latable  gene  sequences  impor¬ 
tant  for  determining  expression  are  in  the  5'-regions.  Whether  5-methylcytosine  pre¬ 
sents  binding  of  the  proteins  needed  for  transcription  or  allows  binding  of  repressor 
proteins  is  not  yet  known. 

Ultraviolet  radiation  exposure  results  in  a  decrease  in  DNA  methylation  (20-23). 
\  previous  study  investigating  -> -radiation  effects  on  DNA  methylation  in  rat  thy  mus 
and  bone  marrow  in  vim  (24)  provided  no  clear-c"  conclusion  on  the  effect  of  7 
radiation  on  DNA  methylation.  In  view  of  the  important  role  DNA  methylation 
appears  to  play  in  regulating  gene  expression  and  cell  function,  t his  study  was  under¬ 
taken  to  investigate  the  effect  of  7  radiation  on  DNA  methylation  and  its  possible 
relationship  to  gene  induction.  It  was  also  of  interest  to  determine  the  effect  of  y 
radiation  on  intracellular  distribution  of  DNA  methy  Itransferase  activity  . 

MATERIALS  AND  METHODS 

<  i’ll  (  nlliirf  ( 'unJitnms 

Nutrient  Mixture  1-12.  »  minimal  essential  medium.  Eagle's  minimal  essential  medium  with  Earle's 
sails  Dulheeeo's  modification  of  Earle's  minimal  essential  medium,  lelal  call  serum,  penicillin,  streptomy¬ 
cin.  gentamicin,  and  1  -glutamine  were  purchased  from  G1BOO  Labs  (Grand  Island.  NY).  Y-2-Hydroxy- 
ethyl-piperi/me-  V  -2-ethane-sulfonic  acid  (llepcs) and  dimeth>lsulfoxide(DMSO)  were  obtained  from  the 
Sigma  Chemical  Company  (St  Louis.  MO). 

Chinese  hamster  ovary  (C  HO)  clone  k-t  was  obtained  from  the  American  type  C  ulture  Collection 
iRockvillc.  MD)  and  was  maintained  in  Nutrient  Mixture  F-l 2  supplemented  with  ION  fetal  calf  serum. 
100  units  ml  penicillin.  100  ug/ml  streptomycin,  and  20  ug/ml  gentamicin. 

(  hmese  hamster  lung  libroblast  ( V7‘t)  clone  A03  was  the  kind  gift  of  Dr.  Tom  Walden.  AFRRI.  It  was 
maintained  in  <.  minimal  essential  medium  supplemented  with  10'-  fetal  calf  serum.  100  units/ml  penicil¬ 
lin,  100  ug/ml  streptomycin.  2(>ng/ml  gentamicin,  and  2  m M  1  -glutamine.  The  medium  was  buffered  with 
2'  m\l  Hepes 

Mel. a  clone  S-3  was  obtained  from  the  American  Type  Culture  Collection.  It  was  maintained  in  M/3 
medium  1  Dr,  Pmhas  Fuchs,  personal  communication).  M/3  medium  consisted  of  1/3  vol  Eagle's  minimal 
essential  medium  with  Earle's  salts.  1/3  vol  Nutrient  Mixture  E-12.  and  1/3  sol  Dulheeeo's  modification 
of  Earle's  minimal  essential  medium  supplemented  with  ION  fetal  calf  serum.  100  units/ml  penicillin.  100 
Mg/ml  streptomycin,  and  20  ug/ml  gentamicin 

Mouse  neuroblastoma  (  - 1 300  clone  X I  E  - 1  1 5  was  the  generous  gift  of  Dr  David  Krause  of  the  Uni¬ 
formed  Services  l  niversity  of  the  llealto  Sciences  ( Bethesda.  MD)  and  was  maintained  in  M/3  medium 

All  cell  lines  were  maintained  in  monolayer  at  37‘C  in  a  humidified  5N  CO-/V5N  air  incubator.  I  he 
medium  on  irradiated  cells  was  changed  daily  to  remove  dead  cells  from  the  culture  Differentiation  of 
mouse  neuroblastoma  cells  was  accomplished  by  adding  dimethylsulfoxide  to  2N  and  incubating  for  2 
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days  at  37”(  Phase  contrast  micrographs  off  iiemsa-stamed  neuroblastoma  cells  vs  ere  taken  with  a  Zeiss 
A  \  1  ophot  pli otom  icroscope 

RuJuunn:  (  omhnoro 

Irradiation  was  performed  bilaterally  at  room  temperature  using  the  \I  R R I  ""Co  -radiation  source 
with  a  dose  rate  of  1  Gy  min.  1  vital  doses  ranging  from  0  to  10  Gy  were  given. 


Dclcrnunuiion  ol 5- Uclhvlt  Mosinc  7  cvcls 

(  ellular  I  )N  \  was  isolated  using  a  modification  of  the  method  of  Rim  and  Stafford  (  75.  76).  I  he  DN  A 
was  hydrolyzed  to  its  dcox v ribonucleotides  (dNMPl  following  the  enzymatic  method  off  hristman  (7“). 
Separation  of  DN  \  dNMPs  by  high-pressure  liquid  chromatography  was  performed  using  a  Beckman 
Model  .'44  gradient  liquid  chromatograph  with  an  kites  I'ltrasphere  5-nm  particle  oeladecy  Isilane  column 
(4.6  mm  i  d.  •  25  cm).  Samples  were  eluted  with  100  m  W  sodium  phosphate  buffer.  pH  5.5.  over  55  mm 
at  ambient  temperature  with  a  How  rate  of  I  ml/ min  (2’).  Detection  was  at  254  mtt  with  a  detector  sensitiv¬ 
ity  of  0.(15  absorbance  units  full  scale.  Data  were  analyzed  with  an  IBM  System-4000  computer  interlaced 
to  the  1 1  PTC  system.  Deoxy  ribonucleotide  standards  were  purchased  from  the  Sigma  Chemical  Co. 

I,  cnhlinlwc'ticriisc  Isnivoi  Mouse  .Xcitroblasioimi  C  ells 

Determination  ofaeetylcholinestera.se  activity  in  cell  homogenates  of  mouse  neuroblastoma  cells  was 
performed  using  the  method  of  Tillman  cl  ul.  ( 7A).  The  cells  were  harvested  by  forcefully  pipetting  a  stream 
of  medium  over  them  The  cell  suspension  was  centrifuged  at  XOOg  and  4°C  for  10  min.  The  pellet  was 
washed  once  with  Hanks  balanced  salt  solution  (HBSS)  and  once  with  100  m.W  sodium  phosphate  butler. 
pH  8.0.  resuspended  in  2  ml  of  phosphate  buffer,  and  homogenized  by  10  strokes  in  a  Dounce  homoge- 
mzer.  The  reaction  mixture  consisted  of  2.60  ml  of  100  m  l/ sodium  phosphate  buffer.  pH  8.0.  0.40  ml  of 
cell  suspension.  0. 10  ml  of  dithiobisnitrobenzoic  aud  (Calbiochem  Biochemicals/Behring  Diagnostics.  I.a 
Jolla.  CM.  and  0.02  ml  of  acetylthiocholine  iodide  (Sigma)  which  was  added  to  initiate  the  reaction.  The 
absorbance  at  4 1  2  nnt  was  recorded  for  5  min.  Activ  its  was  determined  using  the  change  in  absorbance 
per  minute  over  a  linear  portion  of  the  curve. 

I’nncin  Del  emu  nut  i  on 

Ihe  method  ofl  ovvry  cl  til  (76)  was  used  to  measure  protein  content. 

I  vwn  o/  D  V  I  Ucllnllninslcrusc .  tcliviiy 

M  I  5  single-stranded  DNA.  MI.3  l7-base  primer.  I:  coh  DNA  polymerase  I.  and  14  ligase  were  pur¬ 
chased  from  BRI  ( Bethesda.  Ml)).  A  I  P.  dATP.  d  IIP.  dC  I  P.  and  dGTP  were  obtained  from  Boehringcr- 
Mannheim  Biochemicals  (Indianapolis.  IN).  5-Methyl-dCTP  was  purchased  from  Pharmacia  (Piscata- 
way.  NJ ). 

I  he  method  of  Szyf  cl  ul  (Ml)  was  used  to  prepare  unmethylated  and  hemimethylatcd  DNA.  Double- 
stranded  DN  A  was  sy  nthesized  m  ulro  using  bacteriophage  M  I  5  single-stranded  DN  A  as  a  template.  Tem¬ 
plate  DN  At  1 00  pg)  was  incubated  for  20  min  at  1 5’C  with  0.7S  ^  of  M  !  2  1 7-base  primer.  After  incubation 
the  following  were  added  in  a  final  reaction  volume  of  300  yY.  dithiothreitol.  ( 10  m.W).  Iris  IK  I  (pH  7.4. 
66  m  W).  MgCI;  16  6  m  W).  A  I  P  (0. 1  m 37).  /.  coll  DN  A  polymerase  1  (large  fragment.  7  units).  1  4  ligase 
(400  units),  d  A  I  P  (  50  a 37).  dT  I  P  ( 50  y\l).  and  dG  I  P  (50  a 37).  Tor  un methylated  DN  A.  dCTP  was  added 
tvi  50  a  1/  I  or  hemimethylatcd  DNA.  5-me!hyl-dCTP  was  added  to  50  a'/.  The  mixture  was  incubated  at 
I  2’C  for  1 5  h  and  the  reaction  was  terminated  hy  the  addition  of  TDI  A  to  a  final  concentration  of  20  m.W. 

/.  Moii  non  ol  DX  I  Mciln  llrunslcnisc 

I  he  cell  monolayer  was  washed  once  with  HBSS  and  the  nuclei  were  isolated  using  the  Butler  method 
Ul).  The  nuclei  were  pelleted  by  centrifugation  for  15  min  at  XOO.g  and  4°C.  The  supernatant  was  saved 
and  used  to  determine  cytoplasmic  DNA  nvthyltransfeidxe  activity  The  nuclei  vveie  washed  twice  with 
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5-Methyl- 

cytoslne 


I  k..  1.  5-Metlnlcvtosine  changes  in  y -""Co  irradiated  (  HO  K.-I  cells.  Cells  were  exposed  to  1.3.  5.  or 
III  (i>  of  radiation.  -\t  24.  48.  or  72  h  postirradiation,  the  cells  were  harvested,  the  ON  A  was  isolated  and 
Imlrolv/ed  anvl  the  resulting  nucleotides  were  separated  b>  HPLC.  Data  points  are  the  average  of  nine 
determinations  f.rror  bars  are  given  in  standard  dev  iation. 


HBSS.  then  resuspended  in  0.5  ml  of  I  ris-HC'l.  pH  7.6.  containing  I  ml/  TD  I  A  and  I  m  l/dithiolhreitol. 
I  ue  nuclei  were  disrupted  bv  3  s  of  sonication  after  which  the  mixture  was  assayed  for  nuclear  DNA 
methv  Itransferase  activitv , 

t'n/r.V./i'  \ ova  ant!  Maintenance  letivity 

I  he  method  of  S/vfiV  al  (.<»)  was  used  to  assay  for  both  tie  novo  and  maintenance  methv  Iation  activitv. 
1  he  en/v  me  assav  mixture  contained,  in  a  final  volume  of  25  yl.  0.3  yg  of  DNA  (unmethylated  for  tie 
no\  ,i  methv  Iation  determination,  hemimethy  lated  for  maintenance  methv  Iation  determination).  1 6  yd/  .V- 
adenosvl-l  -|ii;iV/n7-'H)methionine  (15  mC'i/mmol:  Amersham.  Arlington  Heights.  IL).  and  3  yl  of  en¬ 
zyme  mixture  in  a  buffer  containing  20  md/Tris-HCl.  pH  7.4.  2 5'7  glycerol  (v/vl.  10  m  l/  F.DTA.  0.2  m  l/ 
I’MSf  .  and  20  m  l/  2-mercaptoethanol.  The  mixture  was  incubated  at  37°C  for  60  min.  The  reaction  was 
terminated  bv  the  addition  of  lOOylof  I0'i  sodium  dodecvl  sulfate  and  lOOylofl  .V  NaOH  and  incubated 
for  an  additional  2  h  at  60“C.  The  mixture  was  extracted  with  I  vol  ofa  1:1  mixture  of  chloroform  tisoamyl 
alcohol.  The  lasers  were  separated  and  I  vol  of  1 0'T  trichloroacetic  acid  (TC  A)  was  added  to  the  aqueous 
laser  The  mixture  was  left  on  ice  for  15  min  after  w  hich  the  precipitate  was  collected  on  a  Whatman  GF/ 
C  glass  microfiber  filter.  The  filter  was  washed  twice  with  I0r;  TC'A  containing  100  md/  sodium  pyrophos¬ 
phate.  washed  twice  with  70'';  ethanol,  dried,  and  placed  in  a  scintillation  vial;  5  ml  ofa  liquid  scintillation 
counting  fluid  was  added,  and  the  incorporation  of  radioactivity  was  determined  bv  liquid  scintillation 
counting. 


Rf  St  I  IS 

?-Mcthy/cyiti\inc  (  htiuycs 

The  effect  of  various  doses  of  7  radiation  on  the  percentage  of  5-methyleytosine  in 
cellular  DNA  is  summarized  in  Figs.  1-4.  CHO  K-l.  HeLa  S-3.  C-1300  N1E-I  15. 
and  V79A03  cell  lines  irradiated  with  I.  3.  5.  or  10  Gy  were  harvested  24.  48.  or  72 
h  postirradiation  and  the  DNA  was  isolated  and  hydrolyzed.  Following  HPLC.  the 
percentage  of  5-methylcytosine  was  calculated  and  the  distribution  in  irradiated  cells 
was  compared  to  that  of  unirradiated  control  cells. 


i>\ \  mi  him  \ i io\ 


5-Methyl-  4 
cytosine 


72  Hr  Post 
48  Hr  Post 


0123456789  10 

Dose  (Gy) 

I  K..  .  SMellnlcWosinc  changes  in  o  irradiated  Hel  a  S- 4  cells.  (  ells  were  es posed  to  I .  .V  5.  or 
Id  ( is  of  radiation  \t  24.  4K.  or  '2  h  postirradiation,  the  cells  ssere  harsested.  the  ON  \  was  isolated  and 
hsdrol\/ed.  and  the  resulting  nucleotides  ssere  separaled  Its  1 1  PI  (  Data  I'oinls  are  Ihe  average  of  nine 
determinations  1  rror  bars  are  mven  in  standard  des  iation. 


As  shown  in  i  ig.  I.  5-methylcytosine decreased  in  ('HO  K-l  cells  following  radia¬ 
tion  exposure.  I  he  probability,  based  on  Student's  /  test,  that  the  numbers  are  not 
signilicanth  different  was  /’  0.002  in  ail  cases. 

figure  2  shows  the  effect  of  radiation  on  5-nieth>  Icytosine  levels  in  Hel  a  S-3  cells. 
Again  there  is  a  decrease  in  5-methylcstosine  levels  at  all  radiation  doses  and  times 
(/'  <  0.00 1 ).  As  w  i th  Cl  IO  K- 1  cells.  Hel. a  S-3  cells  exhibit  dose-dependent  decreases 
in  5-mctlc.  levrosineat  4rS  and  72  h  postirradiation.  However,  from  I  to  5  (i\  a  plateau 
is  seen  at  24  h  postirradiation. 


5-Melhyl-  3, 
cytosine 


24  Hr  Post 
48  Hr  Post 
72  Hr  Post 


Dose  (Gy) 

I  t<  »  V  5-\1elh\lc>losine  changes  tn  *,-'*“('(>  irradiated  V7M  \(H  cells  (  Mis  were  exposed  tt>  I.  7.  or  in 
(,v  til  radiation  At  .74.  4.X.  or  77  h  postirratbahon.  the  ceils  were  harvested,  the  l)V\  was  isolated  and 
hydroh/ed.  and  the  resulting  nucleotides  were  separated  hv  HIM  (  Data  points  are  the  average  ot  nine 
determinations.  I  rror  bars  are  given  in  standard  deviation 
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I  k  .  4  S-Mgihvlcv  iomih*  changes  in  o  irravliulcvl  (  - 1  '00  N  1 1  •  I  I  -  cells.  (  ells  were  exposed  lo  1 .  _V 
s.  or  111  (is  of  radiation  \t  24.  -IS.  or  "2  h  post  irradiation,  the  cells  were  harvested,  the  l)N  \  wax  isolated 
and  hvdrolv/ed.  and  the  resulting  nucleotides  were  separated  h>  HIM  (  Data  points  are  the  average  of 
nine  determinations  I  rror  bars  are  given  in  standard  deviation 


The  effect  ot  *>  radiation  on  5-methylcytosinc  levels  in  V79.A03  cells  is  shown  in 
Fig.  3.  \  dose-dependent  decrease  of  5-methylcytosine  in  irradiated  cells  is  also  ob¬ 
served:  however,  in  this  case  the  dose-dependent  relationship  is  seen  at  all  three  times 
postirradiation.  There  is  no  1-  to  5-Gy  plateau  region  at  24  h  as  seen  in  Hel.a  S-3 
cells.  Significance  was  at  the  P '  0.001  level  in  all  but  four  cases.  I  he  most  important 
of  these  are  the  1-Gy  values  at  24.  48.  and  72  h.  At  24  and  48  h  P  •  0.001 .  but  at  72 
h  /’  •  0. 1 .  indicating  that  this  value  is  not  significantly  different  front  the  control. 

The  percentage  of  5-methylcytosine  in  G- 1  300  N  I  F- 1  1 5  cells  is  show  n  in  Fig.  4.  A 
dose -dependent  decrease  in  5-methylcytosine  is  seen  at  all  three  postirradiation  times 
investigated.  I  .  all  but  two  cases.  24  and  72  h  at  1  Gy.  the  percentage  5-methylcyto¬ 
sine  was  significantly  decreased  (P  ■  0.00 1 )  relative  to  the  controls. 

D.X.  I  Mrtlnlininslrrasr  tciiviiv 

[experiments  were  performed  to  investigate  the  possibility  that  the  decrease  in  5- 
methylcytosine  following  radiation  might  be  related  to  changes  in  the  intranuclear 
methyltranstvrase  (MT )  activity.  V79A03  cells  were  irradiated  with  lOGy  of-,  radia¬ 
tion  and  harvested  24.  48.  and  72  h  postexposure.  Maintenance  and  dr  novo  MT 
activities  were  assayed  in  the  nucleus  and  the  cytoplasm  of  the  cells,  fables  I  and  II 
show  the  dr  //oro  and  maintenance  DMA  methy  I  transferase  activity  of  control  and 
irradiated  cells  expressed  as  picomoles  of  'H-methyl  groups  incorporated  into  DM  A 
per  60  min  incubation  at  37°('/mg  of  protein. 

Following  radiation  there  was  a  redistribution  of  both  maintenance  and  dr  novo 
methyltransferase  activity  from  the  nuclear  to  the  cy  toplasmic  compartments.  In  the 
case  of./e  iovn  Ml  activity,  a  decrease  in  the  nucleus  was  apparent  by  24  h.  at  which 
time  th. ‘re  was  a  drop  from  0.36  to  0. 14  pmol  tritium  incorporated  per  hour  (  I  able 
I).  I  hi  decrease  was  paralleled  by  a  concomitant  increase  in  cytoplasmic  dr  novo 
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/)<■  VimcDNA  Ninths  Itransferase  Activity  in  V79AOA  Cells 


Ci 'in  ml 

it)  a  v 

pm 

i  \t  i 

Slh 

rr  Total 
activity 

pmol 
<M  3  Slh 

r!  iota! 

Ui  tivity 

Nuclear  acii\  its 

:4  h 

()  '(■> 

0.06 

5.6  *-0.4 

o  14  -  0.02 

2.4  -  0.4 
1/’  ->  0.001) 

4X  h 

OJX  ♦ 

0.04 

S.7  v  0.4 

0.14  •  0.05 

2.4  *  O  S 
(/’•  0.001) 

'2  h 

0.52  • 

0.04 

4.9  >  0.4 

0.15  -  0.01 

*.  o.: 

(/’•  0.001) 

Cytoplasmic  activity 

74  h 

0.0  • 

no: 

4.S  t  0.4 

tux  ♦  o.o: 

12.4  *  0.4 
(/’  •  0.001) 

4N  h 

0.2N  • 

0.04 

4.4  t  0.5 

0.54  *  0.04 

S.^  •  0.6 

[T<  0.001) 

h 

or  - 

0.06 

2.6  i  0.9 

0.17  •  0.04 

4.7  *  0,7 
(/•-  0.010) 

\<>l  r  Data  arc  the  mean  of  sis  determinations  and  are  presented  in  activity  units.  One  unit  of  activity  is 
defined  as  the  ineorporation  of  I  pnnil  of  H  from  S'-adenos\lmethionine  into  OVA  when  the  reaction  is 
incubated  at  .b'C  for  60  min.  I  rrors  are  given  in  standard  deviation  (SO).  Significance  was  determined 
using  Student's  /  test. 


methylation  activity  from  0.31  to  0.78  pmol  tritium  incorporated  per  hour  at  24  h 
postexposure.  The  tie  novo  MT  component  found  in  the  nucleus  of  irradiated  cells 
remained  depressed  b>  approximately  50T  relative  to  the  controls  during  the  72-h 
period  studied.  Nuclear  maintenance  MT  activity,  which  accounts  for  approximately 
65f "<  of  the  enzyme  found  within  control  cells,  also  decreased  following  radiation 
exposure,  hut  in  this  case  a  significant  decrease  was  not  seen  until  48  h  postexposure 
(Table  II ).  Once  again  the  decrease  in  nuclear  MT  was  accompanied  by  a  comparable 
increase  in  cytoplasmic  MT  (fable  11).  During  the  course  of  these  experiments  there 
was  also  a  decrease  in  the  total  cellular  MT  activity  U/c  novo  plus  maintenance)  fol¬ 
lowing  irradiation.  For  example,  over  the  72-h  period  investigated  the  total  MT  activ¬ 
ity  found  in  control  cells  remained  constant  at  6.4-6. 6  pmol  Tl  incorporated  per 
hour  while  the  MT  in  cells  72  h  poslirradiation  had  dropped  to  4.7  pmol  'H  incorpo¬ 
rated  per  hour. 

.  Xicnlcholincstcmsc  Inch  at  uni 

Figure  5  shows  the  effect  of  radiation  on  acetylcholinesterase  activity  in  C'-I3()() 
N  1 1  - 1  1 5.  a  mouse  neuroblastoma  cell  line.  Acetylcholinesterase  is  a  marker  for  cellu¬ 
lar  differentiation  in  C  - 1  300  N  I  F- 1  15  cells.  Specific  enzyme  activity  was  determined 
in  moles  of  substrate  hydrolyzed  per  minute  per  milligram  of  protein.  I  he  results  in 
Fig.  5  are  given  as  percentage  of  control.  Cells  were  irradiated  with  0.5.  1 .  3.  5.  7,  or 
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'•"Jr  Dal. i  are  the  mean  of  six  rleierminalnms  and  are  presented  in  activiiv  uni  Is.  ( >ne  unit  of  activity  is 
delined  as  'he  incorporation  of  I  pmol  of  II  from  .S-avlcnosv  (methionine  into  D\  A  when  (he  reaction  is 
incubated  at  V”C  for  Ml  nun  I  rrors  are  given  in  standard  deviation  (SL>).  Significance  was  determined 
using  Student  s  /  test 


10  C  is  of radiation,  harvested  1. 6.  24.  48.  and  72  h  postirradiation,  and  assayed  for 
accty  (cholinesterase  activity.  At  I  h  post  irradiation,  en/yme  activity  levels  were  at  or 
below  the  controls.  Activities  rose  at  6  h  postirradiation,  but  the  increases  were  not 
significantly  above  controls,  except  for  the  7-  and  10-CJy  points.  At  24  h  postirradia¬ 
tion  all  doses  resulted  in  acetylcholinesterase  levels  greater  than  controls.  Very  little 
change  was  seen  at  48  h  postirradiation  over  24  h  except  for  10  Gy  which  increased 
from  150  to  191b  of  control.  The  results  obtained  72  h  after  radiation  exposure 
showed  increased  en/y  me  activity  over  control  at  all  doses  in  a  dose-dependent  man¬ 
ner.  The  greatest  increase  in  activity  was  seen  at  10  Gy  72  h  postirradiation  where 
acetylcholinesterase  activity  was  284  b  of  control.  This  compares  to  an  acetylcholin¬ 
esterase  activ  ity  244b  of control  in  neuroblastoma  cells  w  hich  had  been  differentiated 
with  DMSO. 

To  determine  0  the  increase  in  acetylcholinesterase  activity  was  accompanied  by 
morphological  changes  associated  with  differentiation,  photomicrographs  of  control 
(undifferentiated).  DMSO  differentiated,  and  irradiated  ( 10 Gy.  72  h  postirradiation) 
neuroblastoma  cells  were  taken.  Figure  6  shows  that  both  the  DMSO-treated  and 
irradiated  cells  exhibit  axons  indicative  of  differentiation  in  this  cell  line. 

DISCUSSION 


Gene  activation  and  inactivation,  strand  selection  for  repair,  cellular  differentia¬ 
tion.  conformational  transitions,  and  carcinogenesis  are  just  a  few  of  the  processes  in 
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In,  '  Vvt>Miolitk">k-rasc  .klioiv  m  (  -1 luo  Nil  - 1  I  5  colK  lollimint: o  exposure  Mouse  neu- 
rohf.islo.  i.i  sells  <(  •  I  '00  \  1 1  - 1  I  s )  iveeiuiie  various  iloses  o|  •>  radiation  were  harvested  at  the  iiulieateel 
times,  aels  leholinestei.ise.ieto.it>  was  assayed.  and  the  data  were  expressed  as  percentage  ot  control  I  tin  irra¬ 
diated  i  sallies  \s  a  comparison.  I )MS<  )-dillcrcnliatcd  neurohlastoma  eells  had  acetylcholinesterase  aetts  - 
its  that  was  '44  ot  control.  Data  points  are  the  average  ol  nine  determinations  I  rror  bars  are  given  in 
standard  desialion 


which  DNA  methxlation  and  5-meihylcytosine  have  been  implieated.  The  deleteri¬ 
ous  clfects  of  radiation  are  well  known,  but  the  meehanism  by  which  damage  is  trans¬ 
mitted  to  the  eell  and  the  exact  nature  of  the  radiation  target  within  the  cell  are  still 
largely  unknown.  Since  DNA  methxlation  and  5-meth>leytosine  appear  to  plus  an 
important  role  in  gene  induction  and  DMA  repair,  we  initiated  this  project  to  assess 
the  effect  of',  radiation  on  ON  A  methxlation. 

In  the  present  studs  5-mcllnlcxtosine  levels  were  found  to  decrease  in  a  dose -de¬ 
pendent  manner  in  cultured  cells  receiving  up  to  10  Gy  ''"Co  ■>  radiation.  This  de¬ 
crease  was  seen  at  24.  48.  and  72  h  postirradiation.  The  greatest  decrease  was  seen  at 
10  ( i\  and  48  h  post  irradiation  in  all  cells  ( Figs.  I  -4).  At  24  h  there  is  a  plateau  region 
around  I  to  5  Gy  in  CIIO  K-l  and  Hel.a  S-3  cells  and  5  to  10  Gy  in  C-1300  NIF- 
I  I  5  eells.  This  appears  to  be  a  tissue-specific  phenomenon  since  a  plateau  region  is 
seen  at  1  to  5  Gy  in  (’HO  K-l  and  Hel.a  S-3  cells,  both  of  which  are  epithelial  lines. 
I  he  plateau  region  is  not  seen  until  5  to  10  Gx  in  C- 1 300  NT  F- 1  I  5  cells,  a  neuroblas¬ 
toma  line,  and  does  not  appear  at  all  in  V79A03  eells.  a  fibroblast  line.  At  72  h  a 
slight  increase  in  5-methylcxtosine  levels  over  48  h  values  was  observed,  possibly 
indicating  the  beginning  of  recovery. 

Decreases  in  5-mcthylcytosine  content  in  DNA  can  result  in  the  activation  of  nor¬ 
mally  quiescent  genes  (  h S'.  /V).  Hypomethylation  of  DN  A  has  also  been  correlated 
with  cellular  ditferen  tuition  ( II.  14 ).  ('- 1 300  N  1 F- 1  1 5  cells,  a  mouse  neuroblastoma 
line  used  in  this  study,  are  maintained  in  culture  in  a  nondilferentiated  state  but  can 
be  induced  to  differentiate  by  exposure  to  a  chemical  stimulus  or  X  rays  (32-36). 
I  ipon  differentiation  the  cells  exhibit  axons  (36)  and  produce  acetylcholinesterase 
(3  ~).  I  sing  acety  Ichol inesterase  as  an  en/y  me  marker  of  cellular  differentiation,  the 
elfcct  ol  y  radiation  on  (  - 1  300  N  I  F- 1  1  5  cells  was  studied,  (’ells  harvested  24.  48.  and 
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Flo.  6.  Phase  contrast  photomicrographs  of  Giemsa-stained  C-1300  NIK-1  15  cells  (500  ■  magnitica- 
lion).  (a)  Control  (unirradiated)  cells,  (b)  DMSO-treated  cells ( 2'F  DMSO/2  days),  (c)  Irradiated  cells  ( 10 
G\/72  h  post).  Both  DMSO-treated  and  irradiated  cells  exhibit  axon  formation  indicative  of  differentia¬ 
tion. 


72  h  poslirradiation  show  dose-  and  time-dependent  increases  in  acetylcholinesterase 
actix  it> .  It  appears  that,  at  I  and  6  h  postirradiation,  the  cells  have  not  recov  ered  from 
the  radiation  damage.  Since  radiation  causes  short-term  inhibition  ol'bulk  protein 
synthesis  it  may  take  up  to  24  h  postirradiation  for  the  cells  to  express  the  prod¬ 
ucts  of  the  newly  activated  genes.  Additionally,  irradiated  cells  ( 10  Gy.  72  h  postirra¬ 
diation)  are  morphologically  similar  to  DMSO-ditterentiated  cells  (Fig.  6).  1  hus  our 
results  show  that  radiation-induced  hypomethylation  may  lead  to  differentiation  of 
mouse  neuroblastoma  cells  as  indicated  by  increases  in  acetylcholinesterase  activity 
and  morphological  changes  (axon  extension). 
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l  mall v .  it  was  of  interest  to  know  w  hot  her  the  observed  changes  in  the  5-methx lev- 
tosme  content  ol'DN  \  can  he  related  to  changes  in  nuclear  D\  A  M  1  aetiv  ily .  Main¬ 
tenance  M  I  aetiv  its  in  the  nuclei  of  irradiated  cells  decreased  to  approximately  50'  ■ 
of  control  at  48  and  ^2  h  postirradiation  I  Table  II).  This  decrease  is  paralleled  by  a 
concomitant  increase  in  c>  toplasmic  maintenance  M  I  aetiv  its  4S  and  72  h  postespo- 
sure.  Our  data  also  show  a  marked  redistribution  of  Jr  novo  M  I  aetiv  its  from  the 
nuclear  to  the  cytoplasmic  compartment  following  radiation.  1  hese  results  indicate 
that  ON  \  In pomethy  lation  following  radiation  results,  in  large  part,  from  radiation- 
induced  leakage  of  M  I  from  the  nucleus  to  the  cytoplasm.  Altcrnativelv.  radiation 
damage  to  the  nuclear  envelope  and/or  pore  complex  may  impair  the  transport  of 
newly  synthesized  M  I  into  the  nucleus.  Although  a  demcthylase  activity  has  been 
reported  ( .'(z).  we  found  no  ev  idencc  suggesting  that  radiation-induced  In  pomethy  la- 
tion  is  due  to  the  induction  of  a  demcthylase  (data  not  shown). 

Another  factor  that  may  result  in  In  pomethy  lation  after  radiation  is  increased  lev¬ 
els  of  an  M  1  inhibitor.  A  preliminary  report  on  a  naturally  occurring  inhibitor  of 
l)\  A  M  I  has  recently  been  published  {40.  41).  I  he  inhibitor,  a  low  molecular  weight 
amine  called  methinin.  was  originally  isolated  from  rabbit  liver,  but  also  has  been 
lound  in  human  cry  throleukemia  cells.  Although  it  is  possible  hy  pomethy  lation  of 
l)N  A  m  irradiated  cells  could  result  from  methinin  inhibition  of  the  methy  I  transfer¬ 
ase.  our  results  are  more  consistent  with  a  redistribution  of  activity  from  the  nucleus 
to  the  cytoplasm  following  radiation  exposure. 

We  have  demonstrated  that  radiation  interferes  with  the  methy  lation  of  l)\  A 
and  that  the  activation  ol  certain  genes  can  also  occur  following  radiation  exposure. 
Although  our  ev  idence  is  only  suggestive,  it  seems  reasonable  to  postulate  that  these 
phenomena  may  be  related.  Recently  it  has  been  shown  that  oncogenes  can  be  in¬ 
duced  by  ionizing  radiation  (42).  Whether  there  is  a  causal  relationship  between  radi¬ 
ation-induced  hy  pomethy  lation.  oncogene  induction,  and  tumorigenesis  remains 
u  ndetermined. 
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Enhanced  acoustic  startle  responding  in  rats 

with  radiation-induced  hippocampal  granule  cell  hypoplasia 
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Summary.  Irradiation  of  the  neonatal  rat  hippocam¬ 
pus  reduces  the  proliferation  of  granule  cells  in  the 
dentate  gvrus  and  results  in  locomotor  hyperactivity, 
behav  ioral  persev  eration  and  deficits  on  som  • 
learned  tasks.  In  order  to  address  the  role  ot  chain 
in  stimulus  salience  and  behavioral  inhibition  in 
animals  with  this  type  of  brain  damage,  irradiated 
and  normal  rats  were  compared  in  their  startle 
reactions  to  an  acoustic  stimulus.  A  portion  of  the 
hrain  of  III  rats  was  exposed  to  a  fractionated  total 
dose  of  1  3  Gv  during  the  first  lb  days  post  partum. 
This  procedure  produced  selective  hypoplasia  (9]'/ 
reduction)  of  the  granule  cells  in  the  hippocampal 
dentate  gyrus.  Other  rats  (  V  =  Id)  were  sham 
irradiated.  Sudden  tones  were  presented  to  each 
adult  rat  at  a  rate  of  1  every  30  s  (spaced  trials) 
during  an  initial  1  (l-min  session  and  l  every  15  s 
(massed  trials)  during  a  subsequent  session.  Irradi¬ 
ated  rats  startled  with  a  consistently  higher  amplitude 
than  controls  and  were  more  likely  to  exhibit  startle 
responses.  These  animals  with  hippocampal  damage 
also  failed  to  habituate  to  the  startle  stimulus  and. 
under  certain  circumstances,  showed  potentiated 
startle  responses  after  many  tone  presentations. 
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Introduction 

The  startle  response  consists  of  a  characteristic 
sequence  ot  rapid  muscular  contractions  beginning  at 
the  mouth  and  sequentially  involving  the  neck, 
forelegs  and  finally  the  w  hole  body  ( Landis  and  I  lunt 
1939)  Analyses  ot  movements  associated  with  startle 
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are  being  used  increasingly  in  the  study  of  human 
behavior  (Wilkins  et  al.  1986)  and  the  behavior  of 
other  animals  (baton  1984).  Although  the  acoustic 
startle  response  is  a  relatively  simple  behavior,  its 
ensitiv  ity  to  a  v  ariety  of  experimental  treatments  has 
made  it  an  important  tool  in  pharmacology  and 
toxicology  (for  review  see  Eaton  1984).  In  particular, 
brain  mechanisms  of  sensation,  learning  (habitua¬ 
tion.  sensitization),  memory  and  movement  are 
being  elucidated  through  measures  of  startle  (Davis 
1984). 

The  neurons  that  comprise  the  primary  acoustic 
startle  circuit  reside  entirely  within  the  brain  stem 
(Davis  1984),  However,  the  nature  of  the  extrinsic 
neural  systems  that  modulate  acoustic  startle  is  not  so 
well  understood.  Since  the  hippocampus  has  long 
been  known  to  play  a  role  in  response  inhibition 
(Douglas  1967;  Kimble  1968;  Altman  et  al.  1973)  it  is 
likely  that  this  structure  also  influences  startle 
responding.  In  support  of  hippocampaliy  mediated 
behavioral  inhibition  other  investigators  have 
reported  excitatory  behaviors  after  hippocampal 
lesions.  For  example,  rats  with  hippocampal  lesions 
exhibit  locomotor  hyperactivity  (Teitelbaum  and 
Milner  1963;  Means  et  al.  1971 ). response  persevera¬ 
tion  (Isaacson  1974).  facilitated  acquisition  of  active 
avoidance  (Isaacson  et  al.  1961)  and  impaired  per¬ 
formance  on  passive  avoidance  tasks  (Blanchard  and 
Fial  1968;  Isaacson  and  Wickclgren  1962).  More- 
selective  hippocampal  lesions  of  (  A3  hav  e  also  been 
reported  to  produce  hyper-reactivity  to  sensory 
stimulation  (Handelmann  and  Olton  1981).  Still,  the 
function  of  the  hippocampus  m  startle  responding  is 
controversial.  Some  author  (Groves  et  al.  1974; 
Leaton  1981)  have  reported  that  lesions  of  the 
hippocampus  do  not  consistently  alter  startle,  while 
others  (Coover  and  Levine  1972)  have  found 
increased  acoustic  startle  after  surgically  induced 
hippocampal  damage. 


Kt\er  cl  al  have  identified  a  number  ot 

Nimilaiities  Ivtueen  the  behavioral  detiwils  observed 
in  rats  with  seleeti\e  hippocampal  granule  cell  lesions 
and  tile  behavioral  dvMunetions  kumd  alter  hippo- 
eampeetomv  I  his  is  not  toiallv  surprising  since  the 
pertnrant  path  ilrom  the  etitorhinal  cortex  to  the 
granule  cells  ot  the  dentate  lim  iM  pro\  ides  one  ol 
the  majoi  inputs  to  the  hippocampus  ( O'Keefe  and 
Nadel  Lesions,  specific  to  the  granule  cells, 

etteetivelv  reduce  the  targets  ol  these  entorhinal 
coitcx  neurons,  si^mf jcantl\  littut  hippoeampal  alter- 
ents  and  disrupt  a  \anet\  ot  hippocampal  functions 
(Hrunner  and  Altman  N^4:  Altman  llNv  Wallace 
and  Altman  la.  h ). 

In  the  present  experiment  we  produced  granule 
cell  lupoplasia  in  the  fascia  detitata  In  partial-head 
\-irradiation  ot  neonatal  rats  (Haver  and  Peters 
In  order  to  address  the  role  ol  stimulus 
salience  and  behavioral  inhibition  in  animals  with 
these  selective  hippocampal  lesions,  irradiated  and 
normal  adult  rats  were  compared  in  their  startle 
reactions  to  an  acoustic  stimulus. 


Material  and  methods 


I  :ir v  pr ,.  cn  nr  male  (  i  i  (  t  h  M )  >HK  t  a*s  wuc  puuh.ised  Mom 
(  Uatk'  Rp.U  I  .  O'-  .t  *t  io.  KinCsa'I!.  \  V  .  !"l  ifk'se  experiments 
I’O-!'..:!',!  !.iS  W  •„  !  e  u  .1  A . :  ll!  I  Iks!  ■  >M  .UliVal  Jill!  HkvIK'd  \n\ 
O'IC.ok.  ■  .  di^js.  t  per  ideas*.  ! r •  *111  quarantine.  ;hcv  weie 
u'.  n!"  ma  a  m  -  .:v  ill's  ,nu  „  deed  !’\  Mk  X  me  ik. 111  \ss«»ei.iin»n  I  *  ■  i 
Vo.  1 1  ’  ■:!.»!'  •  I  \  n :  n ; .  1 1  (  .ik  i  \  \  \l  \(  i  SudjcUs 

so.  i.'i'v.!  if  X|  iv  t ,  i  ;  si  a  a ;  u  ..:^s  ur  ’•  rdwood  vhip  ». « »ni  ui 

A  -‘i'll,  .nd  pioM.kd  ss oh  ..•iiimiia,!!  i"ilcn!  chow  and  auditicd 
A  O’  ■.!  \<  '  '.!•!  V\.iC,m*’*Ii  PO'j,  \nmi.il  hohime  loom*  weic 
"  an:  mu.:  a  ;  <  (  wrh  '(i  •  I"  idaiivc  hunudnv  imnc 

: i *  d  i ,  ■  n  c .  ■*  p o  Ii»mi'  •!  i,l«'  v>>ih!i'ii"iksl  .ui  llu 

o’-  A  Mi.  ■ :  1  ''A..!\v  h»MI!  hclUdjfk  I  1 1 1  spec  U  II  111  (ichllllC  Ovk 
s'**>  ’a; lull-  (  Mi  «lu  d.tv  *Mi!h.  lute  is  wav.  ended  to  include 

SO  '  •'Ul’U,vO  k  ilk  II  ass^DiM  |m 

'  ,f.O  ■ f  ..  \  UI  •ai.e’v.  J  ■  ’I  Mk  nIi.UII  il  l.ldl.l'id  I  v.  Midi  Moils 

b  'Mu  f,  !  ’  !  ■  i  i .  i '  e  1 1  'i  I  :N  W  i  t  i  I  i's(  |  .Hik'd  Utkk  I  lead 

dm  1  S'  :n  Mk  m  um;  t  ••  ihe  ni.iili.tl-.il  animals  ini'  Ivlow  i 

•'  o.  .  \ | s  ,sv . :  " •  -  \  i "  1  •  •llinone  wcariinci  at  _  *  J.i\m 


I*  O:  ’«:*  Mk  "i  ut’,'.  Mk  opeiimi  ntal  l.t!s  Were  exposed 
1  <  <\  \  i  ik  .  i:  p»»-*Mi.u  ii  d.tvs  |  .juJ  '  . , { v i  1. 1  !  s  (  A  ,,n  a.,\s 
'  1  . ‘  »  uui  o,  \  :  *i i. ui  >.\  iv  .k  lioool  -ti  ■!  i.tii.  «>!  i 1  t‘» 

{  •'*  'Of  ,s.  a  :  :  pMi  >!  J  if  f  n ’iw.i.  I  !k  i.i.li.tln ui  •  v « i ^  : 
I,1|i|!m"  Ir-a.i-’i  i  •!  ;,!,,K’.p  \  r  <  n:.:Oufk  •  (’hilhp^  lik  M.tlnv.ili 
^  1  .  -  uiu.-.r  ..  -v  i  Ms  '  '  uuu  ■  «i  .  •  -ppi  i  liia  .ui.  >n  Ilk  h.ii !  '  .ikk 

1  -  .  ■ 'pjk  r  I  )">;  -  '-'.a.  Mi  !i  !  nuik  J  in  iNiue 

■  *  '  ..  .  :  a-  k  :r  i.<n  .liutMki'  aiMi  ^ .  s  1 1 ' '  i  On  »n 

Ma.  N.a-.' ;l  I'.u.  ...  V.uiM.  iM'  1.  IhfAin-j 

:  ■  ■'  '  1  -k  •-  |i  -p;  !  ■".  H  ;v,  ■  it|M  Ik  *.  IN  f  a»  '  ’  I 

\  '  '  'a  : ,  a .  !f.  .  i .  1  M  .|  ..;!i'v  1  :u  Mk  «.  •  a >>n.t[  pl.ttk  i  !< • 

■'  1  ’!  t  ■ :  ■  ’  t  ■  t  .  .  =  ■  ■  i  i  v  .]■.  \  i  nin..  M  v  *  •  *  on  Mi. 

'  so  !  ■:  \  t  . : .  .  s  i  ‘  -  j  ?  ■.  >.  a  i  _  •!  Mu  mMi  i  'k:  m  . 

1  o.  :  a;.  I1',  a.  a  \.m.;M:  *  s » •  i  o  a^-ui  "  I  '  u-.m 


pi  :l!i  'ft  .*1.0  I 

:  Mk 


-il  s  '  111  >li.:l:. 

nil- si  inn 


(reurr-k  rifs  Hie  en/ife  tinicinu  posleonr  exfeiil  <‘1  Ihe  Inppoe.mi* 
piM  w.is  1 1 1 .till. ileM  . t n  ueie  la. nn  .ue.ts  Mt*isj|  io  anM  \enliul  in  Mils 
slimline  (P.i\in<*s  unit  W.iImsu  lirs2(  Bruin  .tie. is  tnuimi  .uul 
piMeiuu  lo  llu  slm  were  shielded 

Mespiie  ihe  Kiel  ih.ti  nmeh  ot  ihe  neonatal  rat  hiain  was 
exposed  lo  \  lavs.  « *n K  ihe  preeui'sois  nl  the  granule  cells  m  ihe 
dentate  coin  were  permanenth  alteied  In  this  ptoceduie  lllieks 
|a>s,  Ba\ 1 1  .md  iVieis  Most  ol  the  rut  drain  deveh»ps 

j"*i eii.ti.il l>  \l  the  lime  ol  out  i.idiation  exposures  ihe  laain 

contains  onh  ;  popul.uions  ol  dnidinp  (and  thcretorc  radmscnsi 
luci  ncmonul  piecursors'  ihe  m; mule  cells  ol  the  hippocampus. 
cuchclIuHi  and  ulf. te(or\  htilhs  Mknei  cl  al  la'V  Ha\ci  ami 
Xlim.tn  l’r'i  Ihiouph  mu  shicklin^  we  piotccied  two  « >1  these 
lie  ui « »n.il  precuist»i  popukilioiis  tin  the  eefcdcllum  and  ollaelmx 
hull's)  Out  \  ta\s  Ini  mi!\  the  mitotic  ( r .uiiose nsin\ e  i  niunulc 
nils  (»t  ihe  dentate  cm  us  and  the  nuiUnc  ncutons  ith.ii  aic 
l adioi e'-isi.ui!  see  (.assure!  1‘isn.  Hicks  and  D  Amato  iwntu  m 
other  la. un  sjiuctuics  icsuimc  in  the  s.unc  coton.tl  [Mane  as  the 
luppoc.llllpus  I  Ills  pioccduic  piodlices  selcctnc  llXpopl.IM.I  ot 
cramilc  cells  m  the  dcni.ilc  cm  us  wink  spatmc  other  I't.un 
strucluies  Ihe  tcchniijue  has  been  validated  lluouch  a  valid'  ol 
ueuioatiatomk.il  methods  (Hicks  l'»'\,  B.ivct  and  Allman 
/imniei  ct  a!  |m\s  (  ukludmc  (he  ones  icpoMcd  here  |see  Ivlow  ) 
Aciuisiic  startle  was  measured  on  a  (  olumlnts  Instrument's 
U  t'lumhus.  ()!li  Responder  !\  within  a  sound*. tucmiaiinc 
eh. unde  i  i  Mot  lei  l  ■  iu  (.  oulfnuun  Insiiumenfv  I  cinch  \  a  I  lev . 
P\>  I  he  slaille  ap[\ii. tills  consisted  ol  vj  (  k>  ■  M I  e n,  I  metai  piute 
mounted  «»n  load,  cells  allow  me  a  measurement  l  '‘amplitude"  ot 
response  i  direetK  piopoilion.il  to  a  sudden  loiee  applied  to  t!ie 
[Mate  Ihe  rat  *o  he  tested  was  placed  iri  a  transparent  plastic  ho\ 
il*»  *  I-  •  cm  I  with  a  peiloMicd  lid  I  he  i.it  could  Ml  in  the 
do\  w  ithout  touehme  ihe  lop  m  sides  die  ^  on  ta  met  mi  dice!**  did 
not  ioeomotc  within  the  siatlle  eh.undei  I  lie  do\  was  set  on  the 
sensuic  [Mate  _  e ru  hcrieafh  a  sfv.ikcf  from  whk'h  a  JU  ???s  .at'i/sjje 
stimulus  pui  MB.  sl’l  .  In  kll/i  was  presented 

\r.  equal  tutmdet  ol  experimental  (  X  -  I'M  and  contiol  i  \ 
d»i  rats  wcie  selected  limn  the  same  litteis  and  .illowevl  to  mutuic 
( mean  act  -M>  dav>.  SI)  '*M  Helore  dchaMoi.tl  lestme. 
sulneeis  wire  matched  lor  wcicht  (inadiatevl  rat  mean  c. 

Si )  control  rat  mean  i'>4  si)  Ai  I  aeh  tat  was 

placed  m  the  plastic  chamder  wined  w.js  then  '•et  immedialeK  on 
Ihe  -eii'inc  plate  o)  I  he  staple  appaiatus  Dunne  the  Ills!  session 
i  spaced  1 1  iuls )  the  sound  puke  was  presented  e\er\  .'Ms  lot 
hi  mm  l ) mine  the  second  session.  4  da\s  latet  i massed  m.ikt,  the 
stimulus  was  pieseitted  everv  I's  (or  the  I"  mm  Relative 
amplitude  measurements  Wetc  leemded  alter  each  tnal  Ihe 
sensitiMtv  on  the  staple  apputalii'  was  set  a l  n  S  I  S'  '  ot  lull  seale  l 
with  a  sampling  window  o|  'H  ha  tollowmc  sjunulus  onset 
Movements  wete  not  icioidcd  as  a  '  startle “  il  thev  tailed  !*»  de 
vletcitevl  vMtlun  these  measurement  parameters  Output  Ime.uitv 
and  stadihtv  wete  cmtumed  d\  teeotdinc  output  amplitudes  altet 
vli * »ppmc  small  wemhis  t '  to  >5  ci  lt»un  2  un  to  the  'cnstu  plate, 
"i  d\  difpi'mc  a  in  mass  o  i>  t»»  tin  plate  win  n  u  was  loaded 
with  ”'■'*»  to  c  ol  dead  weicht  Ihe  mean  dartle  .nnphluMe 

Hi-udid  tor  the  J11  sul'k1.  Is  was  '  k  .  Mils  was  ojutv.denl  to 
dioppmc  a  I "  c  weicht  J  cm  to  the  mm  loaded  sensor  plate 

l  sine  madia  I  ion  ptoeedutcN  Niimlai  to  oam  Havei  aik!  Pete  is 
i  ! 1 ,  '  *  havi  pieM«»us|\  vlelemnned  that  \  inadiation  dtsti.ws 
appi i  'Xim.Helv  s';  ■  o!  the  eianul.u  cells  in  tlu  dentate  cv  i  un  ,q  Mk 
hippt'i  .unpuN  wink  sp.nmc  adiaeent  'lUktuii  >  (  R  i\ei  i '  .tl 
Xttei  dihav  ior ail  lesimc  om  t  .  it  n  Wile  .ukstheli/ed  and  peilusid 
w  uh  he|'ai  tm/eil  saline  (ollowed  *'v  1"'  inilleied'lonn.ihn  Hi. tins 
weie  emi'edded  in  p.tiallm.  sin.iilv  'all' Mk d  to  ui  i m  eiMier  the 
vonnial  t>i  NaciM.il  plane  1  and  then  'taukd  with  u;'al  vi.'k:  .un! 
lu\o|  i.i'i  IMue  i  I  -iHt'sskii  1‘iAo  \||  drains  woe  vuvvid.  !■' 
e ( ot 1 1 1 m  i  tdia'n »n  induced  ihaiiec'  m  the  hippoeamjvus  In  addi 
tion.  uiadiated  and  sh-ani  r;raiha.\'c/  Iv.tr/n  uc/e  wk'Uc J  .u 
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table  I.  I .il  il.ii.i  -kiicc-l  hum  ,inak~i~  nl  -~.ieill.il  Hiiimi' 

lit.i-ti.ilc-l  t  \  *M 

NuniK'i  ,it  -kni.Uc  -jr. mule'  -elk  !  '  l_“  'U 

Dent. ik'  .lie. i  |~i|  m in |  1  4  in  i in i 

DciimK  .-I  -kin. it-,  -a. mule  -elk  |  --|  nmij  J~’  5  i-l.v  s) 

Illi-kitc-'  n!  -km. tie  hi. mule  -ell  l.ivci  -  '  in  'i 

Ihicknc"  -Ml  \!  p\ I umul.il  eell  l.t\ei  2'*  in  2 1 

Diller-’ike  hnm  -h.mi-n i.ult.ile-i  !'  ■  n  nn; 

\  imhci-  me  ir,c.m~  with  Si  \1  in  paicnthc-c- 
\iunbei  --I  eelk 


r.in.k >m  :->!  t  ’uilhe!  .-H  e-uintine  .iii.ik-.i~  One  -'i  hi-'  -eeunn~ 
Ik ’in  e.ieli  I'l.iin  wcic  -ekele-l  tut  tln~  lev  lew  S.ieill.il  — -ti.Mis 
i  u~eil  .I'unl  .Ji.iiuile  -ell-  ill  the  "It.i-t-Mi  l-ulh  ln|’|S'-..iiupii~ 
.uni  vei.'l’ell-im  i  uei'e  1  "  null  l.uer.il  tt-'in  tile  ini-lline  (  ninn.il 
~e-',i''ii~.  -i~e.i  --'iinl  hipi’i v.imp.il  .iik!  -c  icl'cll.n  ci. mule  eelk. 
were  -  i  nun  .in-l  il  '  mill  po-l-n"i  1-’  I'leitin.i.  ie~peeti\ek 
i  l’.i\in.>~  .in.!  W.ii-mi  ;  u~  ’  i  We  -minted  tol.il  et, imil.n  -elk  m  I  lie 
-len'.i’e  c\ ru-  t  ~me  .m  i in.mi ne  ~\~teiii  thim|iunt  s\~iein  l\  . 
K  -X  M  II  ii  linen  i-  ~.  In-  .  Vi-ln tile  I  A  >  we  .ike  -lei  ive-l  I  lie  .ue.i  nl 
tile  -i-n'.it-  ju.i-.  -i'iiipiile-1  the  eellul.it  -len-ite  ->l  the  Miueliire 
•  Ilk!  the  tin-kit-'-  "I  the  el. mill-  eell  l.iver  In  order  In  -niilinn  lll.it 
ill-  ~hie  I-l  me  i|  ,.r|:ei  l-i.mi  .it.  •-  u  ,t-  -itU.-i-ni ,  ne  .tkn  .nuilte-l 
el, mule  -eik  in  .i  "  "lie  mill  .ue.i  in  l lie  cerebellum  .mil  ollaetorv 
kuln  hi.!  iiv.i~.ued  the  .ue.i  nl  the  entire  eerehelliiin  I  in t lie r .  we 
e'  limited  'h.  'Purine  nt  "tiler  more-mature.  uml  tlieielnie  I-—- 
r.i,!i.'---  ii-ilie  e  ,  liippne.unp.il  ~lui-Iuie~  in  eiHintine  the  lln-kilc— 
nl  the  l  \!  p\  t  .itr.iil.il  eell  Inver  tli.it  w.i~  elnl~.il  !n  the  dent. tie  mul 
-nte.tk  m  the  p.ilh  nl  the  \  1  .i-ii.iti-Mt  I  ilk  —  ntlietwi~e  ~t.ite-i. 
~ t , i ' i ~ ’ t - . 1 1  m.ilw~  nl  hi~tnlneie.il  lin-lim—  u~e-l  -l.n.i  limn  the 
'.leiti  il  ~e-tmn~  i~-e  I  ul-le  I  I 

Results 

Our  hisinlitnie.il  ami  behavioral  Jala  suggest  that 
hippocampal  granule  eell  In  poplasia  enhances  startle 
amplitude  and  frequency  and  limits  startle  habitua¬ 
tion. 

I  Aposttre  ot  the  neonatal  rat  hippocampus  to 
ionizing  radiation  produced  a  significant  |t(b)  -•  14.3. 
/’  il. mil]  depletion  ot  dentate  granule  cells 
I  I  able  1.  I  id,  I).  I  bis  damage  was  lulls  quantified 
only  in  the  brains  ratufomlv  selected  lor  eell  counting 
bit!  was  easily  observed  in  all  irradiated  brains. 
Similarly,  both  the  areas  and  the  granule  eell 
densities  ot  tile  irr.klialed  dentate  gyn  were  sigmti- 
cantly  reilueed  compared  to  those  ol  the  control  rats 
|t(  Is)  II  I),  /’  ■-  n  uni  ,i  ml  til')  ~  -  I .  /’  •  u. mil . 
respectively  |.  I  lie  specitiein  ot  this  damage  is  jllus- 
Ir.iteil  In  the  ~parmg  ot  the  post-mitotic  pvraniKl.il 
(  A  I  neurons  that  were  dircctlv  in  the  path  ot  the  X 
i -tvs  Irradiation  produced  no  chance  in  the  thickness 
ol  the  (  \1  pvramid.il  cell  laver.  vet  the  thickness  ot 
the  dentate  eranulc  cell  liver  was  siuni t icant Is 
reduced  jtll'l  '>  4.  /’  •  n.mil|.  I  he  eramilc  cell 
populations  lie.,  number  ol  cells  unit  areal  ol  the 
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olfactory  bulb  and  t he  cerebellum  were  not  signifi¬ 
cantly  altered  by  the  irradiation  although  there  was  a 
slight  trend  toward  more  cells  in  these  structures  in 
irradiated  rats.  Further,  exposure  to  ioni/ing  radia¬ 
tion  did  not  change  the  total  area  of  the  cerebellum 
when  measured  in  coronal  section.  These  data  sug¬ 
gest  that  the  shielding  of  the  ollaetorv  bulb  and 
cerebellum  during  the  irradiation  treatment  was 
effective. 

Although  there  were  different  eell  counts  associ¬ 
ated  with  the  coronal  and  sagittal  planes  of  section, 
the  histological  data  derived  from  sections  in  either 
of  these  planes  generally  ~uggested  identical  conclu¬ 
sions.  However,  when  we  used  sagittal  sections  to 
determine  the  total  area  of  the  cerebellum,  this 
analysis  revealed  u  radiation-induced  reduction  in 
overall  cerebellar  si/e  |t(  13)  =  2.7.  /’  <  0.1]  whereas 
the  review  of  the  coronal  sections  did  not  indicate 
this  difference.  I  bis  fact,  in  itself,  is  not  remarkable 
since  others  (Buyer  and  Altman  1975).  have  reported 
different  results  from  measures  of  hippocampal 
anatomy  depending  on  the  plane  of  the  brain  section 
analyzed.  The  cerebellum  w  as  shielded  during  irradi¬ 
ation  .  the  density  of  the  granule  cells  present  was 
normal  and  the  organization  of  cells  within  this 
structure  did  not  resemble  that  reported  to  occur 
when  this  brain  area  is  exposed  to  ioni/ing  radiation 
(Brunner  and  Altman  1974:  Altman  |9S6).  Further, 
a  reduction  in  cerebellar  height  (in  the  coronal  plane) 
has  been  observed  in  rats  with  radiation-induced 
cerebellar  damage  (Altman  et  ai.  |9(i,S)  but  was  not 
present  in  our  subjects.  It  may  be  that  reduced 
cerebellar  si/e  in  the  sagittal  plane,  but  not  the 
coronal  plane,  is  due  to  overall  cranial  shortening 
since  even  partial  head  irradiation  can  reduce  bone 
growth  (both  within  and  outside  th  •  head)  (Mosicr 
and  Jansons  l‘>7ti|. 

Although  the  origin  ot  the  singular  cerebellar 
change  reported  here  is  currently  unclear,  eerebell.u 
damage  probablv  plaved  a  negligible  role  in  the 
production  ol  the  behavioral  results  i c-por •  ■  ■■  f  below. 

I  here  is  a  dissimilantv  between  the  beiiav  jots  churac- 
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ioii'Ik  ,, I  .01  olvllni  .uni  liippoi.mip.il  dam.itto.  I  or 
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K.il' m  tho  oxpoi m1011t.1l  .mil  0011110I  iiloups  woio 
lil  t1-,  lu  1 1  lot  huh  womlit  m  onloi  lo  .Illoim.tlo  am 
hi. i'  tii, it  ihi'  1. 11  tot  mmhi  Into  on  1)10  'turtle 
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onhaiiood  'tartlo  m  siih|oots  with  Inppooampal  slant 
.mo  wo  portomiod  an  aiiahsis  ot  coxarianoo  wliioh 
adtnstod  lor  1I10  womlit  ot  tho  siihjoots.  W  it  hi  11  this 
aiiahsis.  ii  was  oloai  that  tho  moan  start  Is-  rospotisos 
oxlnhitoil  h\  uradiatod  rats  woro  'pjiutioanih  hmlior 
durum  hotli  tho  lust  |l(l.l”l  ”.*1”.  /’  * 1  ( •  1 2 1 

and  sooond  [1(1.1”)  ”.4'2.  /’  <Ul|4|  tosl  sos- 

sums.  I  author,  when  wo  ad|U'iod  tho  data  tot  llio 
oltool  produood  b\  tho  irradiation  Iroatmont  it  was 
upparont  dial  I10.0  101  animals  tondod  to  ha\o  oonsist- 
011th  hml'.oi  siaitlo  rosponsos.  (sosston  1:  1(1.1”) 
s.  tvi,  /’  Hill;  sossion  2:  I  III”)  - 
/’  ii  imi'iJ  Mtluumli  animal  womlii  0.111  intluonoo 
aoouspo  startlo  moasiiromoi'.'o  .  nut  ohson  ation  that 
st.ntlo  is  onhaiiood  in  lats  with  Inppooampal  dam. mo 
was  not  oontoundod  h\  this  'ariaMo. 

I  ho  app.ironl  doolmo  m  aooii'tio  stattlo  (I  m  2  I 
hotwoon  tho  lust  and  sooond  hah  o'  ot  sossion  1 


Fig.  2.  Mean  amplitude  ot  aeoustie  "tattle  response"  exhibited  In 
irradiated  rat"  with  htppoeampaf  granule  eell  h\popla"ia  and 
control  rat"  Refill"  trom  ten  trial  block"  are  "houn  lor  each  ol 
twm  test  "C""ioti"  In  session  !.  tone  presentation"  were  "p.ieed 
i  1  'ii  "i  while  in  session  2  the\  were  mote  frequent  (massed  at  a 
rate  ot  I  15  >i  Ii  radiated  rat"  pioduced  startle  responses  ol  greater 
amplitudes  than  those  ol  controls  Through  the  course  ol  the 
second  sesoon.  habituation  wu"  observed  in  "ham-irradiated  tats 
but  not  in  rat"  with  hippocampal  damage.  Dispersion  indicator" 
are  the  standard  error"  ol  the  mean".  I  ‘  represent"  a  "t  ti"tieall\ 
"ignituant  ditlerenee  between  the  experimental  and  control  groups 
at  a  particular  time  period.  /’•  Mil".  Mann-W  hitnex  l  ) 


(spaced  trials)  was  not  statistically  significant  tor 
either  experimental  or  control  animals  iMann-Whit- 
ney  I')-  I'hc  responses  in  the  first  and  second  halves 
of  session  2  (massed  trials)  revealed  a  statistically 
significant  decline  in  the  startles  exhibited  by  the 
sham-irradiated  rats  [1(67. 56)  -  2217.  /’  =  !U>4). 
However,  for  t he  irradiated  rats  with  hippocampal 
damage,  not  otilv  did  startle  amplitude  fail  to  habitu¬ 
ate  during  the  second  session  but  there  was  a  trend 
toward  potentiation  of  this  response. 

Because  a  rapid  habituation  ot  startle  in  rats  with 
hippocampal  damage  has  been  reported  (Leaton 
14X1 )  a  comparison  was  made  of  the  first  and  last  3 
trials  of  the  first  III  trial  block  during  each  session.  In 
the  first  session  there  was  a  decline  of  22G  in  startle 
amplitude  of  sham-irradiated  rats  [Mann-VVhitney  l' 
(21 . 2fs )  -  344.5.  /  <  0.05)  and  a  decline  of  XG  for 
irradiated  rats  jnot  significant),  in  the  second  session 
(massed  trials)  there  was  a  52'.'  decline  in  startle 
amplitude  tor  sham-irradiated  rats  [Mann-VVhit¬ 
ney  C  (4.12)  -  46.  !’  '  0.01  [  and  i  25''  drop  for 
irradiated  rats  |not  a  significant  dmp|. 

Not  all  tone  presentations  resulted  in  startles  (i.c. 
movements  that  met  the  criteria  established  bv  our 
apparatus  settings)  During  the  first  session  (spaced 
trials)  the  irradiated  rats  tended  to  startle  more 
frequently  than  the  eontrol  rots  but  this  difference 
was  not  statistieallv  significant.  During  the  second 
session  (massed  trials)  the  higher  frequency  of  startle 


was  reliable  j I ( IS)  -  1.71.  P  ~  0.05)  in  the  hippo- 
campully  damaged  rats. 

Discussion 

We  report  here  a  potentiation  of  the  acoustic  startle 
response  in  tats  with  radiation-induced  hypoplasia  ol 
hippocampal  dentate  granule  cells.  I  h is  observation 
was  made  during  2  test  sessions  (separated  by  4  days) 
in  which  tones  were  presented  in  either  a  spaced  (1 
per  3(t  s)  or  massed  ( I  per  15  s)  format.  Habituation 
of  the  acoustic  startle  response  was  not  observed  in 
animals  with  hippocampal  damage. 

The  method  of  fractioned  partial-brain  x-irradia- 
tion  used  here  has  been  shown  to  produce  a  selective 
reduction  in  the  number  of  granule  cells  in  the 
dentate  evrus  (see  present  data  and  also:  Hicks  and 
D  Amato  1464:  Haver  and  Altman  1475:  Bayer  and 
Peters  1477).  However,  this  damage  in  the  neonatal 
hippocampus  max  also  cause  secondary  anatomical 
changes.  Zimmer  and  his  colleagues  (14X5.  14X6) 
have  shown  that  the  brain  may  compensate  for  this 
early  radiation-induced  damage  to  the  hippocampal 
granule  cells  by  stimulating  dendritic  growth.  Their 
results  demonstrate  that  a  reduction  of  a  specific 
neuronal  population  can  induce:  (1)  a  compensatory 
increase  in  the  neuropil  layers  containing  the 
dendrites  of  the  remaining  neurons.  (2)  a  corie- 
sponding  relative  increase  in  their  axonal  projec¬ 
tions.  and  (3)  a  shift  and  expansion  of  afferent 
projections  to  an  adjacent  neuronal  population. 
Thus,  although  our  hippocampal  radiation  produces 
damage  specific  to  the  granule  cells,  subsequent 
brain  changes,  in  reaction  to  this  initial  damage,  may 
produce  more-pervasive  changes  in  neuroanatomy  . 
Although  these  data  reflect  changes  in  hippocampal 
afferents  and  intra-hippocampal  neuroanatomy,  the 
most  dramatic  and  direct  radiogenic  damage 
observed  in  our  experiment  can  be  found  within  the 
granule  eell  layer  of  the  dentate  gyrus. 

Some  authors  (Groves  et  al.  1474:  Leaton  14X1) 
have  previously  reported  that  lesions  of  the  hip¬ 
pocampus  do  not  consistently  alter  startle,  while 
others  (Coover  and  Levine  1472)  have  found 
increased  acoustic  startle  after  this  surgery.  The 
lesion  test  interval  may  be  a  distinguishing  feature 
between  experiments  that  have  found  potentiated 
startle  amplitudes  and  those  studies  not  reporting 
these  effects  in  rats  with  hippocampal  damage. 
Lnhanced  startle  has  been  found  when  there  was  a 
significant  interval  between  the  brain  lesion  and  the 
startle  test.  In  both  the  current  experiment  and  that 
of  C  oover  and  Levine  (1472)  the  lesion  test  interval 
was  long  (approximately  144  and  70  days,  respee- 


uvch.  i  i 'it  the  oilw  hand.  i  e. iti'ii  (il'Mi  used  .1 
'ii'Mk!  mtciv.il  1  uppto\im.tU'l'.  1 4  d.ivsi  between 
Ic'fomuc  .uul  tktmj  .mil  Jcpo.lcd  little  chatiec  in 
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U's'.lit'  n.tl.lllcl  iithel  .l.lt"  sueeC'ltne  tit. It  .Mile 
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1  'n:  st.uPc  .  I.n.i  il'o  sueecsl  th.it  the  h.ihilu.il  toil 
;.,i  1  it  voiitioi  ,nt in  1.1  Is  .Inline  the  lull  eom se  o| 
nt  isseh  1  ■  ii.  pi esetit. itioiis  was  uo(  evident  m  1n.1t.li 
i  .its  with  I11pp1u.1mp.il  .1, 1111.  tee  In  Kiel,  evpeii 
nunt.i:  s  1  ■  i 1  uu t s  exhibited  .1  tieikl  tow.iiu  poteiili.i 
tioii  ,>;  Pui  st.ntie  tespotulme  m  the  second  I1.1l!  o| 
■’ii  Usi  session  (  )n  the 'tit  l.iee  oiu  restilts.ippe.it  to 
.hue:  ;>oiu  those  o>  (  trove'  .'I  al  I  lt,_4|  .md  I  e  non 
h"'.  1  who  have  iepoite.1  norin.il  w itluti-sessison 
' 1 0 r * • habitual!  m  in  tats  with  hippoe.mip.il  damage 
\  title  .m.iK'is  ol  ilk’  data  helps  reconcile  these 
tpp.uvmlv  divcievnl  lesiilts.  I  he  liahitu.ttion 
lepoitevi  hv  ot  1.  I  a  hoi  atones  was  ev  idem  within  the 

lit  '!  ' 1 1  stimulus  pteseiitaiiotis  ( ) u t  startle  s.msiti/a 
lion  uquitetl  mote  than  2*'  trials  to  observe.  Review 
o‘  out  1  eolleete.l  diitine  tile  first  I"  trials  ot  eaeh 
test  session  also  revealevl  a  tetklelkv  lor  slialll- 
li  t  a.il.iteil  animals  to  habituate  to  tile  acoustic 
stimulus  While  not  statistiealb.  sienitieant.  a  similai 
Tt  eiii)  was  .  >hsei  veil  dm  me  the  :  11  st  lu  startle  Utah  m 
the  ituuh.itcd  suhieels  as  well  however,  on  siibse- 
qmnt  tnals.  staille  amplitudes  mereaseil  ill  the 
amm.iis  with  Inppoeampal  tl.im  ice  while  startles  ot 
.oiitio!  1. it-  eoiitimieil  to  ei.kliiallv  ileelme  in  ittai;- 
mt  a  he  I  iklepeinlent  o!  these  w  it  Inn -sessn  m  eomp.it  i- 
soils,  we  also  analv/eil  belween-session  eh. nines  m 
'  t  1 1 1 1  e  Wthoueh  a  ttetkl  tow. ml  a  dccliit.  was 
oh.et’.eh  m  hop)  evp.Mment.il  ami  eontroi  sir  is 
thet.  was  m>  statistic. illv  siamiieant  chance  m  '!  nil. 
ampiiUnlv  hetwe.m  out  test  sessions  I  hese  data  ale 
.oii'i.ient  with  others  that  have  not  delected  lean 
.tv  ot  ll.ihitu.il'  .1  staille  lespomhlie  helweell  test 
'."ton  .  il  ,  iton  !')e|i  h  should  he  noted  that  tats 
-V  ith  1  a.h  i’  ion  1  inliued  hippocampal  damacv  tc.nhlv 
e  v  1 1 1 1 '  1 1  hahituatton  ot  spontaneous  loeonii 11  a.  .ii 

W  iilnp  ill  same  link  pat. nuclei's  that  we  observed 
hi !  i.  st.n  t  k  i|»ii  ul  u  it  ton  1  \  b.  k  lev  v  1 1  I  ''s'  1 1  |  low 
"V  I  'Puis  have  sOiuinettle.l  that  h.lbtlil.ifioil  .  >1 
..  \  plot  .n  •  a  \  uhivioi  and  hahituatton  ol  elt.  tte-.l 
1  ■-  1 1 e v  Id  t e-pons,  s  depend  on  .htleielli  1111.I.  t  Iv  m.; 
in  iiaiit-a'i  -  aid  lit  a  hippo,  amp  1!  lesions  , | .  m.i 
pt'-h.,  1  n .  t  1  i  ii  h  a  1 1 1  it  1 1  m  Pc ■ :  1, its  1  (,  11  u  v  lew  s.  , 


I  he  j'um.nv  ilisiiipiiivhniL'  features  between  the 
piesem  staille  studv  and  otliets  are  t lie  1 1  ill i up . 
method  and  anatomical  tcsult  ol  the  hippoeanip.il 
lesion  procedure  <  >111  radiation  induced  hippocnm- 
pal  lesion  was  puklueevl  1 1 .  neonates  ami  primarv 
dam. tec  was  eon  I  med  to  the  eranule  cells  ol  the 
vlentate  ev  1  us  Othcts  li  e, non  1‘hsl:  (noses  et  al 
b'-p.  (  novel  ami  1  e\  ate  lb"2).  relv  me  on  aspiration 
ami  elecltolvtic  lesion  techniques.  have  removed 
most  ot  the  hippocampus  as  well  as  poitioiis  ol  the 
cvrcht.il  eottev  ol  the  adult  animal  (  sine  a  third 
procedure,  additional  mvesiieators  have  tis.-d  the 
tieurotoMii  eolehteme  to  poultice  toil  I v  selective 
damage  to  the  eranule  cells  ol  the  adult  hippocampal 
vlentate  evens  With  ncuro.in.iiomical  changes  similai 
to  the  1  adialion-imlueed  damacv  reported  here, 
colchicinc-micclcd  tats  have  exhibited  a  significant 
etihitiieemem  ol  acoustic  staille  teactivitv  m  one 
studv  t  I  tlson  et  al.  |ws"|.  but  not  m  amuliet  that 
used  auditors  stimulus  parameleis  dillcrcnt  Irom  out 
own  (WaKli  et  al,  IhSip.  | mute  expetiments  that 
svstemattcallv  manipulate  startle  parameters  as  well 
as  pie  limine  ami  evtent  ol  hippocampal  lesions  mas 
Inrther  develop  out  understanding  ol  the  role  ol 
hippocampus  in  startle  responding,  According  to  our 
vlata.  howevet.  the  eranule  cells  ol  the  hippocampus 
cvctl  an  inhibitors  influence  oil  the  primarv  acoustic 
'turtle  cir<.dii  ol  the  brainstem.  With  the  loss  ol  this 
'omc  inhibitors  influence,  startle  responding  is  erca- 
tei  m  amplitude,  more  trequciit  ..ml  less  hkelv  to 
habituate 
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Abstract  I  in'  radicals  and  active  oxxgcn  compounds  arc  nnplicalcil  m  hum  ischemia  ami  head  trauma  Previous 
'ladies  haic  shun  n  that  tree  radicals,  generated  b\  radiation  and  through  the  I  ciilon  reaction  produce  both  sin.tplu 
and  postal  aapiii  damage  in  the  hippocampal  brain  slice  lo  cialaate  the  contnlnition  ol  oculalion  to  the 
ol'scivcd  damage.  the  actions  o|  the  oxidants,  chloramine  I  and  \  chlorosuccimniide  1NCS1.  were  studied  on 
clci tiopiix s i , , j , i .j u a !  icspoiises  in  the  hippocampal  'lice  isolated  Irom  the  brains  ol  guinea  pips.  Mcctnc.il  stun 
illation  o!  allciciils  to  neuioii'  ol  the  C  \  1  legion  ol  hippocampus  exoked  a  population  posisxnaptic  potential 
i  I'opulalioii  1‘SI’i  in  tile  cle riel i  idi  l.u  .  "id  a  population  spike  in  the  cell  bode  laxci  Chloramine  I  t  25  Nil)  uMi 
and  NCS  C'sn  41 H  li  i  ii  M  i  decreased  the  population  spike  in  a  dose  dependent  manner  lid)  125  tiM  and  I  Inn 
,,  M.  le'peeliiel'.  i  Input  output  curies  leiealed  that  both  the  population  spike  and  the  population  PSP  were 
sienilkantli  [educed  with  both  oxidants,  but.  the  abiliti  ol  the  |>o[nilalion  PSP  to  produce  a  population  spike  was 
not  impaired  I  hc'c  similes  suggest  that  oxidation  reactions  call  account  lor  the  sxnaptie  component  ol  the  damage 
piodiked  hi  tree  radicals  Inn  can  not  account  lor  the  pos|s\ uaptie  elicits 

ki“>  words  C  hloianiine  I  N  ehlorosucciminide.  Oxidation.  lice  ladical.  Hippocampus 


IN  I  R()l)l  (  I  ION 

Nellie  oxxgcn  eumpuunds  are  venerated  normallx  in 
i  tin'  '  hut  the  presence  ol  superoxulc  dismuttise.  cat¬ 
alase.  peroxidase  and  a  xanetx  ol  antioxidants  limit 
the  concentrations  to  non-toxic  lexels.  In  the  event  ol 
an  ischemic  attack  or  head  trauma.  leicK  o|  these  ac¬ 
me  oxxgcn  species  increase,  howeier  the  source  o| 
these  compounds  is  unclear  Peroxide  and  superoxide 
could  he  venerated  Irom  xanthine  oxidase  in  local  en¬ 
dothelial  cells'  .  Heckman  el  ah'  calculated  conceit 
nations  ol  .uperoxide  and  peroxide  as  high  as  70  //Si 
mm  and  170  nM  mm.  respectively .  lollowing  an  is¬ 
chemic  episode.  Active  oxxgcn  compounds  could  also 
he  secreted  by  the  microglia  invading  a  region  ol  in- 
iurs  Another  possible  source  is  the  generation  ol  tree 
radicals  in  neurons  during  repcrlusion  when  a  hurst  o| 
oxidatne  metaholism  results  m  the  release  ol  mcom- 
pleteli  reduced  oxxgcn  ire.  sup-',-<>xidc  and 
peroxide) 

Pie i  urns  studies  luxe  shown  that  uctne  oxxgcn  spe- 
iics  produce  tunctional  damage  in  neurons  llxdio 
l'cTi  peroxide  and  n'lii/inr  radiation  decrease  sxnaptie 

a  ’■  -  >i  'oli-rt.  e  k!  !h 


e It icacx  (sxnpatic  damage)  and  impair  mechanisms  ol 
spike  generation  t poxtsx naptie  danagel.  The  evidence 
suggests  that  the  molecular  mechanisms  underlying 
sxnaptie  and  postxynaptie  damage  are  different. '  In  the 
present  study.  the  oxidants  chloramine- T  and  N-chlo- 
rosuccinimide  were  tested  to  evaluate  the  contribution 
ol  an  oxidation  reaction  to  tree  radical  damage.  The 
results  indicate  that  the  oxidants  can  account  lor  im¬ 
pairment  ol  synaptic  (unction  but  not  lor  postsxnaptic 
deficits. 

M  VI  KRIAI.S  V\l>  Mh  I  HODS 

Hippocampal  slices  were  prepared  (torn  the  brains 
ol  cuthani/ed  male  Hartley  guinea  pigs  as  previously 
described.  The  slices  (41M)  45(1  /<m  thick. I  xxcre  in¬ 
cubated  m  artificial  cerebrospinal  Hind  (ACSl-i  (com¬ 
position  m  m.M:  124  Nad.  5  KCI.  2.4  C'aC'l  .  13 
MgSOj.  I  24  Kll  PO;.  It)  glucose.  2b  NallC'O,  equi¬ 
librated  xiith  45'r  ()  5'r  Cd  i  at  room  temperature 
lor  I  2  hours  to  allow  recovers  Irom  dissection.  A 
slice  xi as  then  transferred  to  a  submerged  slice  record¬ 
ing  chamber  and  eontmuallx  perlused  il  2  ml  mini 
xxith  oxxgenated  ACSP  All  experiments  were  done  at 
hi  •  I  ('  Solutions  ol  chloramine- 1  (Cl  )  and  N- 


I  C  Pi  I  !  \!  \  K  aiul  K  1  \  !  i  I 


chlorosuccimmule  i  NCS  i  i  Sijjnia  Chemical  t  ompanv  i 
wca  prepared  lrc-.li  daily 

Potentials  were  recorded  with  a  Inch  gain  IK'  am- 
phlier  and  were  digitized.  --lined,  and  analy/cd  on  an 
I. SI  II  23  minicomputer  A  bipolar  \iamle\-.  steel 
stimulating  electrode  1DKI1  was  positioned  in  stratum 
radiatum  to  activate  the  Schaffer  collateral  pathway  as 
well  as  other  allerents  to  the  CAI  pyramidal  cells 
Constant  current  stimuli  it).  I  I  m  A.  200  it s i  w ere  pro¬ 
vided  at  0,20  II/.  Field  potentials  were  recorded  using 
class  microelectrodes  tilled  with  2\1  NaCI  and  having 
a  resistance  ol  less  than  in  \H>  One  recording  elec¬ 
trode  was  placed  in  the  cell  hodv  layer  ot  CAI  re  cion 
to  record  the  somatic  response  t  population  spike i.  The 
population  spike  is  the  extraeellularlv  recorded  action 
potential  occurring  synchronously  m  a  population  ot 
(  Al  pvramidal  cells  In  some  experiments,  a  second 
recording  electrode  was  positioned  in  the  stratum  ra¬ 
diatum  to  record  the  dendritic  response  t population 
post s v  naptic  potential,  population  PSP)  and  the  aller- 
ent  volley.  Hie  population  PSP  is  the  extraeellularlv 
recorded  synaptic  potential  activated  s\ nehronouslv  in 
the  dendrites  ol  CAI  pv  ramidal  cells  The  afferent  vol¬ 
lev  s  the  potential  produced  by  the  activation  ot  libers 
m  the  stimulated  pathw  ay . 

Follow  ;p,i  placement  ot  the  e'eetrodes.  baseline  re¬ 
cordings  were  obtained  tor  a  minmunn  of  30  mm  to 
ensure  stability  ot  the  tissue.  Stimulus  intensity  was 
set  to  a  value  that  produced  approximate!)  a  halt-max¬ 
imal  response.  It  during  this  period  the  responses 
chanced  substantially .  the  experiment  was  discarded. 
A  dose  ot  either  chloramine- 1  or  NCS  w  as  then  applied 


f-'i:  )  (Msc  response  turves  f « >r  ( ‘h l» nn n< ■  I  «(li  and  NCS 
Varv/ru.’  .]'»ls  ol  chli»r,in»me- 1  (iml  NCS  were  applied  lo  ihe  hip 
pov.dmp.il  hr .i * n  div.e  tor  '  mm  The  percent  dev.re.jse  in  the  pop 
iil.ituinspike.it  in  nitn  in  vonip.iriMHi  u  ith  inntr°l  ii  c  •  hetoie  drue  > 

is  plotted  v>  the  dose  o!  drue  used  The  n  .mhrr  ot  experiments 
with  (  hlor, mime  I  at  .'5  wM  h.  n\\  "  inn  //M  '*0 

j/M  A  s  It'twi /At  '  (he  nuniher  «»l  experiments 

•a 1 1 h  NCs  at  '>2*  ,A1  *  “*n  y/M  4  /,\1  fv  |nou  u\) 

i:-n  ,,\1  4.  !  in  ,/\1  4  4nnn  ,/\t  *  Sv.pi.ires 

(  hlur.irmne  1  Circle-.  NCS 


l  ie  2.  Input-output  curves  averaeed  tor  <s  slices  exposed  t > »  Inn 
// M  chloramine  I"  Control  curves  solid  line,  chloramine  I  curves 
dotted  hue  A  Graph  shows  that  chloramine- 1'  reduces  the  popu 
l.ilioH  spike  lor  •  ■  ■  n  allerenl  \  v  >  1 1  e  v  amplitude  B  Chloramine 

T  decreases  »  ot  the  atterent  vollev  to  produce  a  s\ naptic 

re  spoil  amine  1  has  no  altect  on  the  ahilnv  ol  a  (’SI*  to 

evoke  an  actum  potential  Chloramine  T  causes  s\ naptic  hut  no 
post s\  naptic  de*:v: t  . 


continuously  lor  thirty  minutes.  Fdectrophysiological 
responses  were  continuously  monitored  throughout  this 
period:  every  5  nun  X  traces  were  averaged  Drug  was 
then  w ashed  oil  and  the  tissue  w  as  perfused  w  ith  ACSI 
for  another  30  min.  To  determine  the  dose-response 
relationships,  a  minimum  ot  tour  experiments  at  each 
dose  of  NCS  anil  chloramine- 1  were  perlormed  I  lie 
elleeti veness  ol  the  drug  was  expressed  as  the  per¬ 
centage  decrease  m  amplitude  at  the  30  nun  time  point 
as  compared  lo  control  amplitude  The  30  mm  time 
point  was  chosen  lot  2  reasons  li  The  drug  cllccts 


<  HuLiiU^  in  hippo*.  .impuN 


trcqucntlx  appcai'i.-d  to  lc\cl  oil  within  this  time  period 
and  2  i  this  protocol  allowed  companion  w  ith  prex  u  in 
experiments  on  Indrogen  peroxide  using  a  20  mm  ex¬ 
posure  All  experiments  at  a  Mimic  dose  were  averaged 
and  standard  errors  1SI.M1  were  calculated. 

In  pul -output  1 1  <  )i  curv  e'  >*  •:<<■  constructed  lor  each 
drug  at  a  dose  that  piodueed  approxmiulclx  a  40', 
decrease  m  population  spike  amplitude.  Somatic  anil 
dendritic  traces  in  it  w  ere  a\  craped  at  each  stimulus 
mtensitx  ranging  Irom  0.1  to  1.0  m.A  The  data  from 
s  experiments  lor  NCS  and  lor  X  experiments  lor  chlor¬ 
amine-!  were  averaged  to  obtain  composite  curves 
I  he  I  ( )  curx  es  consisted  ol  three  relationships:  I  i  v  ol- 
lev  vs  population  spike  2  i  xollex  vs  population  I’SI’. 
and  '  i  population  I’SI’  \s.  population  spike  The  xollex 
is  population  spike  eurxe  reflect'  the  ahilitx  ol  .he 
press  naptie  actixit)  to  elicit  an  action  potential  in  the 
post s \  napt i e  cell  I  he  population  spike  \s  population 
I’SI’  relleet'  pnmarilv  posts) miptie  meehanisms  li  e  . 
the  effectiveness  ol  a  postsx naptie  depolari/ation  to 
exoke  an  action  potential).  Ihe  xollex  \s.  population 
I’SI’  rel  leet'  the  sx  naptie  mechanisms  u  e..  (lie  ahilitx 
ol  press  naptie  aetix  its  to  produce  a  sx  naptie  potential  i 
I  bus.  analxsis  ol  these  curxes  provides  inlonnation  on 
the  mechanisms  ol  oxidative  damage.  Idle  input  oulpul 
data  were  eomputer-l itted  with  the  equation  lor  a  sig- 
moid  cun  e  and  ana h  /cd  as  pee'  im/s))  described  Oil  - 
lerenees  between  control  and  treated  eurxe'  were  tested 
tor  sieml leanee  In  comparing  the  residual  sum  ol 
squares  tortile  individual  curves  with  the  residual  sum 
ol  squares  lor  a  curve  lit  to  a  composite  of  control  and 
test  data  Sigmlicancc  was  accepted  at  />  0.t>5 
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(  hloramine- I  decreased  the  amplitude  ol  tile  pop¬ 
ulation  spike  elicited  In  orthodromic  stimulation  ol 


Control 


Somatic 


A. 


Dendritic 


i<>>; 

CAI  in  a  dose  rlepeiulent  manner  (l  ie.  I  I.  Low  doses 
ot  chloramine-!'  <  25  /All  produced  little  or  no  e  I  tec  t 
during  or  alter  exposure  to  the  drum  Intermediate  doses 
i AO  200  //Mi  notieeablx  decreased  the  amplitude  ol 
the  population  spike  during  the  2(1  minute  exposure  to 
chloramine-' d  .  i  he  response  iccovcrcd  approximate!) 
to  its  original  si/e  w  itlim  a  20  mm  period  ot  wash  w  ith 
norma!  At  SI  When  exposed  to  higher  doses  ol  chlor¬ 
amine- 1  t  250  1000  //Mi.  the  amplitude  ot  the  popu¬ 
lation  spike  decreased  sliarplx  during  exposure  and 
remained  depressed  throughout  the  wash  The  dose 
response  eurxe  (l  ie  I)  shows  that  the  concentration 
tor  a  hall  maximal  died  is  125  // M.  Chloramine-  I  is 
maximal!)  elleeme  at  doses  greater  than  about  500 
//  M. 

I  lie  dose  response  eurxe  for  N-chlorosuecmimide 
iNCSi  d  m.  I  i  shows  that  NT'S  required  higher  con- 
eentrations  than  chloramine  I  to  produce  comparable 
damage.  The  onset  and  reversal  ol  NT  S  action  was 
vcix  similar  to.  although  slightlv  more  gradual  than, 
that  ol  chloramine-T.  flic  dose  ol  NT'S  to  produce  a 
hall  maximal  effect  w  as  approximate!)  I.  I  m.M.  Doses 
ol  2  m.M  and  greater  caused  a  maximal  decrease  m  the 
population  spike  amplitude 

Input-output  tl  ()i  experiments  were  done  to  deter¬ 
mine  the  site  ol  damage  ot  the  oxidants.  The  dose  ol 
chloramine- 1  chosen  tor  these  experiments  (  UK) //Mi 
was  expected  from  the  dose  response  eurxe  to  produce, 
on  the  average.  a40'<  decrease  in  the  population  spike. 

I  he  I  O  curves  (//  Stshoxx  that  for  a  given  afferent 
vollex  input,  both  the  population  -pike  ti  ig  d.Ai  and 
the  popultion  I’SI’ t  f  ig.  2B  >  were  significant!)  reduced 
In  chloramine- 1 .  The  ahilitx  ol  the  population  I’SI*  to 
produce  a  population  spike,  however,  was  not  altered 
i fig.  2CT.  The  population  I’SI*  was  cquallx  effective 
in  evoking  a  spike  belore  and  during  exposure  u  the 
oxidant,  fig.  5  shows  sample  traces  from  a  txpieal  slice 
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I  II  i  1  he  .ml kit mine  spike  s\as  evoked  h\  stimulation  ol  the  alveus  anil  recorded  m  the  cell  bod\  lasei  o|  (  \  I  It  n.is 
una  I  lev.  led  b\  )  </\1  clilor  amine  I’ '  center  tiuse  >  atul  v  an  he  seen  best  \v  hen  the  traces  ate  siipei  imposed  ( i  mill  I  t.iu-s  i  l  alibi  at  mn 
• ’•ijuai'e  wave  orj  lower  lent  I  mV.  '  in ^ 


treated  with  iOtl  //M  chlorammc-T  Both  population 
spike  and  population  l‘SP  were  reduced  It.  while  still 
in  ehloramine  I.  stimulus  strength  was  increased  to 
produce  a  population  PSP  comparable  to  control,  the 
evoked  population  spike  is  eomparahle  in  amplitude 
i  Pig.  'Hi.  These  data  suggest  that  the  observed  de¬ 
crease  m  the  population  spike  with  exposure  to  chlor¬ 
amine-  I  is  due  completely  to  the  reduction  in  the 
synaptic  response 

PrcMous  reports  indicate  that  ehloramine- 

I  at  similar  doses  removes  sodium  inactivation,  broad¬ 
ening  the  sodium  action  potential  in  sv|uid.  crayfish, 
irog  and  toad  axons  lo  evaluate  the  actions  ol  chlor¬ 
amine-  I  directly  on  the  sodium  action  potential  in  this 
preparation,  the  effect  on  the  anfidronncalh  elicited 
population  spike  was  evaluated.  Axons  ol  the  C'AI 
py  ram  ida  I  cells  were  stimulated  with  a  bipolar  stainless 
steel  electrode  in  the  alveus  Tile  resulting  antidromic 
spike  was  recorded  from  the  cell  hotly  layer  of  C'AI 
At  a  dose  that  maximally  reduced  the  sy  naptieally  - 
activated  < orthodromic t  population  spike  (250  //Mi. 
chloramine- 1  had  no  cttccl  on  the  antidromic  action 
potential  i  Tig  4m;/  4). 

'upm  output  experiments  were  repeated  with  NCS 
at  a  dose  ol  I  0  m.M  i  n  5i.  As  with  chloramine  T. 
the  population  spike  dig  5Ai  and  the  population  PS i * 
t  lug.  5Bi  evoked  by  evpiivalent  attcrcnt  volleys  were 
both  reilueed.  Vet  population  PSI's  ol  equivalent  si/c. 
be  I  ore  and  during  exposure  to  NCS.  produced  equiv¬ 
alent  population  spikes  d  ig,  5Ci  NCS  reilueed  the 
population  PSP  '  .r  the  same  st/c  afferent  volley,  but 
the  elleetiveness  ol  that  PSP  was  unaltered  As  with 
ehloramine-  I  these  results  demonstrate  that  only  svn 
nptk  damage  and  no  poslsynaplic  deficits  were  pro¬ 
duced  hv  NCS 

I»IS(  t  SXIOS 

I  he  oxidants.  Jdoi.tmmc  I  and  N -ehlorosueeini 
nude,  vvete  observed  to  cause  a  decrease  in  the  ortho¬ 
dromic  potential'  in  the  C'AI  region  ot  the  hippocam¬ 
pus  m  v  it  ro  While  the  sv  napt  k  potentials  were  reduced 


f  I'j  s  Inpul  *  nil  pul  uitves  aveueed  Mi  S  slues  exposed  to  1  m\l 
S  Hie  results  .ire  identical  in  those  <  'bl.micci  lot  i  him  am/ne  i 
(  niilrol  uir\cw  miIkI  line.  M  S  uiiua  dotted  line  \  I  or  a  eiveri 

allerent  volley  flu.-  pt >pu l.il u mi  spike  is  dev  leased  U  I  oi  .i  eiven 

atterent  voiles  llie  swiaptiv  response  is  decreased  C  l  ot  .1  erven 

svn.ipiu  response,  tlu*  evoked  population  spike  is  the  same  both  tn 

softirol  atnl  in  \(  S  \l  S  v.iikcs  ..ills  sMiapiK  iina.ee  and  no  post 
svnaplK  damaev 
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ni'i.'i'.  thex  were  nut  impaired  m  their  ab 1 1 1 1  \  to  evoke 
aetion  potential'  m  the  postsx  naptie  neurons  I  lie  re 
dined  s\ naptie  eltieuex  oeeurred  at  doses  that  did  not 
altet  the  untuhoimeullx  evoked  spike  in  the  same  neu¬ 
ronal  population 

Chloramine  I  and  NC.N  have  been  reported  to  re¬ 
move  maetivation  ol  the  si>dmm  eurrent  ill  the  plan' 
axon  ot  squid  '  and  eraxtish  and  in  the  imelmaled 
a \oti -  ot  the  toad  and.  trog  Al'luuigh  main  ot  the 
studies  used  chloramine- i  m  Iiil- her  doses  i|  to  I'l 
iii.Mi.  Wane  reported  that  m  toad  libers,  a  do.e  as 
low  as  so  ,/M  was  elles live  m  broadening  the  aetnui 
potential  '-told  alter  oulv  "  mm  I  onger  exposuies 
I  in  t he t  prolonged  the  aetion  potential  and  began  to 
tediiee  the  amplitude  In  contrast,  in  the  present  studv 
m  the  hippoeampal  slue  preparation  dNi  //N!  elllora 
mine  I  tor  hi  mm  did  not  altet  the  aniidromie  spike 
w  Ilk  h  i s  piedommantlv  a  sodium  dependent  aetion  po¬ 
tential  t  >ne  ma'or  dillerenee  between  the  piesent  ex 
penments  and  those  testing  ehlorumme- I  m  axons  -,s 
that  in  the  piesent  studv.  potassium  eurrenis  were  not 
['harmaeolo'jieallv  hloeked  I  he  presence  ot  the  po 
tas'ium  eomponeilt  o|  the  aetion  potential  eould  oh 
'sine  an  a.tion  ol  the  oxidants  to  broaden  the  aetion 
potential  through  removal  ot  sodium  maetivation  In 
two  studies  chloramine  I  >1  14  m\li  was  also 

h'unJ  to  decrease  the  potassium  eiinvit!  ill  toad  and 
squid  ax  oils  Neither  dee  teased  sodium  utaet  i  v  at  ion  or 
dee  reused  potassium  eurrent  ean  aeeount  lor  the  de- 
erease  in  synaptic  ellieaex  seen  in  the  piesent  studv 
It  nnv  thine .  one  wonlJ  prediei  that  both  meehamsiiis 
won Ul  increase  the  duration  ol  the  aetion  potential, 
me  reuse  tile  pic'}  naptie  eulemm  milux  ailel  enhanee 
transmitter  release 

Previous  stinlies  showed  that  lom/mg  radiation 
ami  hvilroeen  peroxule  eould  produee  damaee  in  an 
i  so  I  a  tee!  neii  tona  I  s  \  stem  In  an  aqueous  env  ironnent 
urn  i  /  me  rueliul  ton  pi  odue  es  l  ree  rad  leak  me  ludmp  Oil 
and  ()  llvdroeen  peroxide  ean  reaet  with  i  on  aitel 
'li  i  on  eh  the  henlon  reue  tion  produee  lix  droxx  I  I  ree  rad- 

le.ils  Both  procedure'  vlee reused  s\ naptie  lespotises 
produced  In  orthoeliomie  s( i mulat ion  ot  stratum  raeha- 
(iim  'iieee'tme  either  a  ileetement  m  prc'V  naptie  re 
lease  oi  i  nip.m  ed  I  line  tion  ol  t  he  post'  v  naptie  i  eeeplot 
loiiophore  e  omple  x  >  sx  naptie  damage  i  In  advlition .  I  he 
evnuptk  potentials  that  were  clu  itxd  wet'c  capable 
ol  evokiti:'  an  aetion  potential  in  the  hippoe  impal  nen 
i o n s  siieeestme  that  membrane  properties  ot  the  soma 
oi  axon  lit  llo  k  w  ete  a  I  lei  ud  m  some  Wax  post  s\  naptie 
damaeei  I  x>  •  >  sepaiate  meeliamsms  woe  postulated 
lot  these  wvo  uetions  siriee  tliev  showed  verv  ililteient 
dependen.  ies  on  the'  dose  late  ot  i  ad  i  at  ion  Siik  e  I  ree 
tudieuls  pi  hIik  cd  In  lom/iiie  tadialioM  istielt  as  the 
hv  ill  ox  x 1  '  ■  i  adie  a  1 1  and  hs  h  oeen  pet  oxide  ate  ox 


idantx.  the  eontnhution  ol  an  oxiduivi  ie  .etion  to  the 
observed  damage  was  considered 

Chloramine  I  and  \CS  are  oxidizing  agents  that 
appear  to  he  fairly  speed  ie  lor  methionine  and  cysteine 
residues  ol  membrane  proteins 4'  These  aetions  are 
similar  to  the  oxidizing  effects  ot  hv d  roe  on  peroxide 
I  he  oxidants  m  the  present  studv  were  'hie  to  produce 
damage  in  the  hippoeampal  brain  stiee.  nit  (hex  eould 
not  completely  mmne  the  elteets  ot  radiation  and  per¬ 
oxide.  I  bis  provides  further  support  lot  the  hypothesis 
that  two  separate  meeliamsms  underlie  the  s\ naptie  and 
the  postsx  naptie  damage  produeed  hv  radiation  and  by 
peroxide.  I  he  present  study  showed  that  the  oxidants 
specifically  impaired  sy  naptie  el  lieaev  suggesting  that 
an  ovulation  reaetion  eould  aeeount  tor  the  peroxida- 
tiv e  and  radiation  damaee  at  this  site  '  et .  the  oxidants 
hai.  no  etleet  on  postsx  naptie  veneration  ot  aetion  po¬ 
tentials.  I  he  limited  dose  rate  deneitdenee  <  !  radiation 
it. image  aiul  the  non  potential. on  ot  peroxide 

damage  are  also  more  consistent  with  a  lipid  per¬ 

oxidation  meehumsin  than  with  an  ovulation  reaetion 
In  eonelusion.  the  observations  reported  here  sug¬ 
gest  that  oxidative  damage  max  aeeount  tor  the  sxn- 
aptie  eomponeilt  ol  tree  radical  damage  in  the  nervous 
sV'tem  but  ean  not  aeeount  tor  tin  postsx  naptie 
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RADIATION-INDUCED  VOLATILE  HYDROCARBON  PRODUCTION 
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Summary 

Generation  of  volatile  hydrocarbons  (ethane,  pentane)  as  a 
measure  of  lipid  peroxidation  was  followed  in  preparations  from 
platelet-rich  plasma  irradiated  in  vitro.  The  hydrocarbons  in  the 
headspace  of  sealed  vials  containing  irradiated  and  nonirrac  ,.ted  washed 
platelets,  platelet-rich  plasma,  or  platelet-poor  plasma  increased  with 
time.  The  major  hydrocarbon,  pentane,  increased  linearly  and 
significantly  with  increasing  log  radiation  dose,  suggesting  that  reactive 
oxygen  species  induced  by  ionizing  radiation  result  in  lipid  peroxidation. 
Measurements  of  lipid  peroxidation  products  may  give  an  indication  of 
suboptirnal  quality  of  stored  and/or  irradiated  platelets. 

Thrombocytopenia  plays  an  important  role  in  the  development  of  the 
postirradiation  hemorrhagic  syndrome  (1).  Although  destruction  of  platelet 
precursors  in  bone  marrow  is  a  major  effect  of  high-dose  radiation  exposure,  the 
effects  of  radiation  on  preformed  platelets  are  unclear.  The  latter  is  also  of  concern 
with  respect  to  blood-banking  practices  since  platelets  are  often  irradiated  at  doses 
in  the  range  of  20-50  Gy  before  transfusions  to  prevent  graft-versus-host  disease. 
With  increasing  emphasis  on  allogenic  and  autologous  bone  marrow  transplantation, 
transfusions  of  irradiated  platelets  are  likely  to  rise.  Transfusions  of  platelets  were 
critical  in  the  treatment  of  Chernobyl  radiation-accident  victims  (2). 

The  effect  of  in  vitro  irradiation  of  platelets  has  been  the  subject  of  a  number 
of  studies,  but  there  is  no  consensus  on  the  subject.  The  survival  of  platelets 
exposed  to  radiation  doses  up  to  750  Gy  before  transfusion  remained  unchanged 
(3,4).  Another  study,  however,  indicated  that  irradiation  with  50  Gy  before 
transfusion  to  normal  subjects  resulted  in  decreased  platelet  recovery,  although 
platelet  function  did  not  appear  to  be  affected  (5).  In  most  in  vitro  studies  of 
irradiated  platelets,  no  changes  in  the  structural,  functional,  and  metabolic  properties 
of  platelets  were  observed  even  at  high  radiation  doses  (6-8).  However,  irradiation  of 
experimental  animals  appears  to  alter  the  function  of  surviving  platelets  (1,9). 

Radiation  injury  is  most  often  attributed  to  cellular  DNA  damage,  and  since 
platelets  do  not  have  nuclei  they  are  good  models  for  studying  the  effects  of 
radiation  on  the  functional  characteristics  of  membranes.  Free  radicals,  especially  the 
hydroxyl  radical  generated  during  radiation  exposure,  can  promote  membrane  lipid 
peroxidation  (10)  and  alter  the  properties  of  cell  membranes.  Irradiation  of  platelets 
(100  Gy  and  greater)  under  conditions  promoting  hydroxyl  radical  or  hydrogen 


‘Present  address:  DCLD,  Food  and  Drug  Administration,  8757  Georgia 
Ave.,  Silver  Spring,  MD  20910 

0024-3205/89  $3.00  +  .00 
Copyright  (c)  1989  Pergamon  Press  pic 


1186 


Lipid  Peroxidation  in  Platelets 


Vol.  44,  No.  17,  1989 


peroxide  formation  resulted  in  inhibition  of  ADP-induced  platelet  aggregation  (11). 
Whole-body  irradiation  has  been  shown  to  alter  the  lipid  composition  and 
arachidonic  acid  metabolism  in  rat  platelets  (9).  Lipid  peroxidation  is  more 
pronounced  in  old  than  in  young  circulating  platelets,  and  it  has  been  suggested 
that  this  may  be  a  cause  of  platelet  aging  (12). 

In  the  present  study,  we  quantified  radiation-induced  lipid  peroxidation  m  vitro 
by  the  evolution  of  volatile  hydrocarbons,  a  method  we  used  previously  to 
demonstrate  radiation-induced  lipid  peroxidation  in  microsomes  (13). 


Methods 


Platelet-rich  plasma  (PRP)  was  prepared  from  whole-blood  donations  by 
centrifuging  at  100  g  for  20  min.  PRP  thus  separated  was  irradiated  at  50,  10 0, 
200,  and  400  Gy  (10  Gy/min)  using  a  cobalt-60  source.  Platelet  counts  were  done 
in  control  and  irradiated  samples  using  a  Coulter  counter.  Hydrocarbon  generation 
was  measured  in  PRP,  platelet-poor  plasma  (PPP),  and  washed  platelets.  The 
irradiated  PRP  was  split  into  subsamples  to  prepare  PPP  and  washed  platelets. 
Washed  platelets  were  resuspended  in  Hank’s  buffer,  pH  7.4.  Cell  counts  were 
adjusted  to  109/4  ml  in  PRP  and  washed  platelets.  Four-ml  aliquots  of  PRP,  PPP, 
and  washed  platelets  were  taken  in  10  ml  siliconized  glass  vials,  which  were  sealed 
with  Teflon-coated  butyl  rubber  septa  with  aluminum  caps  and  star  springs  (Perkin- 
Elrner,  Rockville,  MD).  Gas  in  the  headspace  of  the  vials  was  sampled  with  a  gas- 
tight  syringe  for  analysis  of  volatile  hydrocarbons  by  gas  chromatography  using  a 
Perkin-Elmer  Sigma  3B  FID  chromatograph  with  Sigma  15  data  system.  Analyses 
were  done  isothermally  (60  C)  with  a  stainless  steel  column  (3.2  mm  x  2  m) 
containing  Por.  sil  B  (80/100  mesh,  Applied  Science  Labs,  State  College,  PA). 
Hydrocarbon  standards  (approx.  100  ppm  in  helium)  were  obtained  from  Scott 
Specialty  Gases,  Plumsteadville,  PA,  and  scientific  grade  air,  helium,  and  hydrogen 
were  purchased  from  MG  Industries,  Valley  Forge,  PA.  The  first  samples  (zero 
time)  were  analyzed  within  30  min  after  radiation  exposures  were  terminated,  and 
the  same  preparations  were  analyzed  at  different  time  points. 


Results  and  Discussion 


Pentane  evolution  as  a  function  of  radiation  dose  and  time  after  irradiation  in 
PRP,  PPP,  and  washed  platelets  is  shown  in  Figs.  1,  2,  and  3,  respectively.  A 
significant  increase  in  lipid  peroxidation  as  measured  by  pentane  evolution  was 
observed  in  all  fractions  after  50-Gy  exposure.  The  increase  in  pentane  evolution 
appears  linear  at  lower  radiation  doses  and  earlier  time  periods.  The  relation  to 
pentane  evolution  and  radiation  dose  is  best  described  by  a  logarithmic  plot;  Fig.  4 
shows  pentane  evolution  in  the  three  fractions  at  the  6-hr  time  period.  Extension 
of  the  lines  to  a  point  where  there  would  be  no  detectable  effect  suggests  that  there 
would  be  no  significant  increase  in  pentane  production  at  radiation  doses  less  than 
25  Gy.  The  slope  of  pentane  evolution  with  respect  to  log  dose  was  different  for 
washed  platelets  than  for  PPP  and  PRP. 

In  general,  ethane  evolution  followed  the  same  pattern  as  pentane  evolution,  but 
the  ethane  concentrations  were  much  lower.  Evolution  of  the  two  hydrocarbons  was 
not  strictly  correlated,  e.g.,  the  slope  of  pentane  concentration  with  log  radiation 
dose  was  steeper  compared  to  the  slope  of  ethane  evolution  (Fig.  5).  Similarly  the 
slope  of  pentane  production  versus  time  was  steeper  (data  not  shown). 

The  spontaneous  release  of  pentane  over  time  in  platelets  (controls,  Figs.  1-3) 
indicates  that  lipid  peroxidation  occurs  in  stored  platelets.  In  vitro  irradiation  of 
platelets  induces  lipid  peroxidation  in  a  dose-  and  time-dependent  manner.  If  it  can 
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Fig.  3.  Radiation-induced  pentane  generation  in  washed  platelets  (WP).  Values 
are  means  of  6  determinations  ±  SEM. 


Fig.  4.  Comparison  of  pentane  generation  from  PRP,  PPP,  and  WP  at  6  hr 
after  irradiation.  Values  are  means  of  6  determinations. 
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Fig.  5.  Comparison  of  ethane  and  pentane  generation  in  PRP  at  6  hr  after 

irradiation.  Values  are  means  of  6  determinations. 

be  shown  definitively  that  lipid  peroxidation  is  related  to  detrimental  effects  in 
platelets,  then  precautionary  measures  can  be  taken  with  respect  to  storage  and 
irradiation  procedures  in  blood  banks.  The  dose  of  radiation  used  in  this  study,  at 
which  there  was  an  increase  in  lipid  peroxidation,  was  comparable  to  that  used  in 
removing  lymphocytes  in  the  preparation  of  PRP.  It  is  interesting  to  note  that 
there  was  less  lipid  peroxidation  in  washed  platelets  than  in  PRP.  One  possible 
explanation  is  that  platelets  contain  efficient  defense  mechanisms  against  oxidative 
damage.  It  appears,  for  example,  that  platelets  have  the  inherent  capacity  to 
regenerate  glutathione  in  vitro,  at  least  for  48  hr,  but  total  glutathione  decreases 
upon  storage  (14).  PPP  showed  the  largest  amount  of  radiation-induced  lipid 
peroxidation. 

The  major  hydrocarbon  formed,  pentane,  is  derived  from  the  oxidation  of 
omega-6  fatty  acids,  predominantly  arachidonic  acid.  The  minor  hydrocarbon 
formed,  ethane,  is  derived  from  oincga-3  fatty  acids,  mainly  linoleic  acid.  Pentane 
production  may  be  related  not  only  to  nonspecific  membrane  lipid  peroxidation  but 
also  to  the  high  degree  of  oxidative  arachidonic  acid  metabolism  involved  in  the 
formation  of  prostaglandins  and  leukotriones  in  platelets.  The  relatively  nonspecific 
indicator  of  lipid  peroxidation,  malondialdehyde,  has  been  used  as  an  indicator  of 
prostaglandin  endoperoxide  formation  by  the  platelets,  occurring  during  release 
reactions  (15).  Malondialdehyde  formation  has  also  been  considered  a  sensitive 
indicator  of  platelet  hyperaggregatability  seen  in  certain  disease  states  such  as 
diabetes  (16).  The  exact  relationship  between  pentane  formation  and  "normal” 
oxidative  metabolism  of  arachidonic  acid  in  relation  to  platelet  function,  as  opposed 
to  "uncontrolled”  peroxidation  of  arachidonic  acid,  requires  further  investigation. 

The  relationship  between  the  observed  radiation-induced  lipid  peroxidation  and 
changes  in  platelet  function  postirradiation  is  also  not  clear.  We  have  shown 
hyperaggregatability  of  platelets  irradiated  in  vitro.  There  is  also  some  indication 
from  in  vivo  studies  that  their  function  (platelet  aggregation)  is  increased  shortly 
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after  irradiation,  before  platelet  numbers  decrease  (l).  Platelet  activation  is  often 
associated  with  an  increase  in  cytosolic  free  calcium  concentration,  partly  due  to 
calcium  release  from  the  dense  tubular  system  (17).  We  have  also  found  an  increase 
in  intracellular  calcium  concentration  in  irradiated  platelets  (18).  Peroxidation  of 
membrane  lipids  is  often  acccompanied  by  structural  and  functional  changes 
resulting  in  impairment  of  ion  homeostasis  leading  to  Ca2+  overload  and  cell  death. 
In  the  case  of  resistant  cells,  such  as  platelets,  cell  death  does  not  occur  readily, 
and  gross  changes  are  difficult  to  observe  after  oxidative  damage,  such  as  radinC..^ 
exposure.  Our  results  do  suggest  that  radiation-induced  lipid  peroxidation  may 
result  in  alteration  of  calcium  homeostasis  that  is  reflected  in  observable  functional 
alterations.  Further  studies  are  needed  to  understand  the  exact  nature  of  lipid 
peroxidation  involvement  in  platelet  aggregation.  From  a  practical  point  of  view, 
the  effect  of  the  oxidative  changes  due  to  aging,  radiation,  and  other  storage 
conditions  is  relevant  to  platelet  therapy. 
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Abstract.  (  onditi' uis  dial  allow  the  m.mili  ol  canine  mar- 
i ■  wv  .ells  in  long-term  matron  culture  are  described.  I  he 
quality  ot  the  i  nlluie  conditions  uas  cv aluaied  based  mi  the 
weekly  number  ol  era n  u  I  oe  v te-macrophagc  colon  v  -  li irm i ng 
units  i(  II  •(  r\l  i  m  the  nonmlhercni  eell  Traction  I  sine  this 
j'aiameler.  the  highest  number  of  Cl  l  (i\l  uas  obtained 
uh.en  marrow  .ells  were  mi  abated  at  5_  (  in  Rl’MI-KidO 
oi  'd.<  o’. 1  s  '  \  medium  supplemented  with  2' i"m  prescreened 
horse  serum  u  it  (tout  addition  of  In droiortisone.  ('ll  -( I\1 
polonies  could  be  regularly  grow n  out  ot  the  nonadherent  cell 
traction  loi  2"-.' I  weeks,  alter  iccharging  the  cultures  with 
1.5  ■  1"  mononuclear  autologous  marrow  cells  I  week  alter 
establishing  the  stromal  cell  la>cr. 

Kc>  wards:  (  .livin’  long-ici  m  marrow  .  ulnae  -  (  ulniiv cniuhlions 
-  (  II  a  i  M  jiriuliic  u<  >n 

Long-term  bone  marrow  cultures  oiler  an  m  vitro  approach 
toi  studs  mg  regulators  mechanisms  controlling  hemopoietic 
sell  ties elopmcnl.  I  his  method  was  first  described  tor  long¬ 
term  culture  of  mouse  bone  marrow  cells  1 1  |,  which  produced 
both  spleen  colons  -  forming  units  f(  I  t  -Si  anil  granulocv  te¬ 
niae  is  ipliage  color's  -forming  units  i(  I  t  -( j M )  for  periods  of 
s  months  or  more,  depending  on  mouse  strain  [ 2 ] .  Hemo¬ 
poiesis  in  this  system  si;ts  dependent  upon  the  presence  of 
an  adherent  laser  of  marrow  -dens  eil  stromal  cells  consisting 
■  it  a  heten  igeneous  population  of  cell  tv  pcs.  including  phago- 
cstic  mononuclear  cells,  endothelial  cells,  and  giant  lipid- 
iaiien  ailipocv  tes  [  I  |. 

In  aildition  to  reports  on  murine  long-term  marrow  cul¬ 
tures.  similar  long-term  cultures  for  Ss  nan  hamster  [5|.  pro- 
smiian  / c/i '  (tree  shrew)  |-1|.  and  human  marrow  |5| 
base  been  dess ribed.  So  far.  there  has  been  no  report  on  long¬ 
term  cultures  of  canine  bone  marrow  cells.  We  were  mler- 
i-stcil  m  establishing  a  method  for  the  long-term  culture  of 
canine  marrow  cells  for  two  reasons:  first,  maintaining  mar¬ 
row  sells  in  long-term  culture  might  be  used  as  a  means  of 
depleting  malignant  cells  from  the  marrow,  as  has  been  sug- 
gested  by  studies  with  murine  Iv mphoblaslic  leukemia  [6| 
and  m  patients  w  uh  acute  nonlv  mphoblaslic  or  chronic  mv  - 


V  lews  presented  in  this  paper  are  lltosc  ot  tils’  .millers,  no  endorsc- 
ni'-ei  Iv.  ihe  Delensi  Nils  le.it  \geiK  s  has  been  given  or  should  be 
nili’M’.  it  Kesi’atsh  was  loruluils’il  according  l*>  lire  principles  eiuui- 

ailed  tn  the  I  nude  lor  ills'  <  are  and  I  sc  ol  laboratory  \nunals 
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eloblastic  leukemia  | '  S|  I  his  approach  could  be  similarly 
eileclive  in  removing  lymphoma  cells  from  canine  marrow 
and  thus  improve  our  results  ol  autologous  marrow  trans¬ 
plantation  for  spontaneous  can  me  non  -  Hodgkin's  I  v  mphonta 
M-  Second,  we  are  currently  searching  lor  methods  to  mi- 
prove  the  elliciencv  of  retroviral  gene  transler  into  canine 
hemopoietic  progemtor  cells  cultured  for  24  h  with  vtrus- 
produemg  packaging  cells  |IU]  Oik  possible  method  could 
be  to  increase  the  time  that  marrow  cells  are  exposed  to 
retrov  iral  v  ectors  bv  combining  24-h  cocultiv  alum  on  pack¬ 
aging  cells  w  uh  long-term  marrow  culture  led  repeatedly  with 
v  ii  us-coniammg  supernatant. 

In  this  study  vie  describe  a  method  for  the  long-term  cul¬ 
ture  of  canine  marrow  cells,  based  on  modifications  of  the 
murine  system. 

Materials  and  methods 

/.  '.'Vi’iiiii’.'iwiiiiiiiii.i/i  A  total  of  12  ’unities  ol  both  seves  and  car¬ 
ious  tweeds  (beagles.  fox  hounds,  and  mongrels),  h-14  months  of 
age.  were  used  as  marrow  donors  in  these  eipertmenls.  Animals 
were  either  raised  at  the  I  red  Hn'ehinson  1  aiver  Research  (Viter 
or  purchased  from  commercial  t  inted  States  Department  of  Agri¬ 
culture-licensed  dealers.  Dogs  were  quarantined  on  arrival,  sereened 
for  ev  idenec  of  disease,  and  conditioned  for  a  minimum  of  2  months 
before  being  released  for  use.  All  dogs  were  dewormed  and  vacci¬ 
nated  for  rabies,  distemper  leptospirosis,  hepatitis,  and  parvovirus. 
I  lies  were  group  housed  in  an  American  Association  for  Accredi¬ 
tation  ol  Laboratory  Animal  (  are  (AAALAC)-accreditcd  taeihly  in 
standard  indoor  runs,  and  pros  ided  commercial  dog  chow  and  chlo¬ 
rinated  tap  w ate’’  ad  libitum  Animal  holding  areas  were  maintained 
at  70°  •  2°L  wnh  50%  •  10%  relative  humidity  using  at  least  15 
air  changes  per  houi  of  100%  conditioned  fresh  air  The  dogs  were 
on  a  12-h  light  dark  full  spectrum  lighting  cycle  with  no  twilight. 

H"'ic  iiuirrn n  a\/>inilinn  All  dogs  were  anesthetized  bv  i.\ .  injection 
of  fentany I  ilnnmar-Vet)  at  0.115  mg  kg  body  weight  and  the  col¬ 
lection  site  asepueallv  cleansed  w  uh  a  povoiodinc  scrub  and  alcohol 
rinse.  Hone  marrow  was  obtained  from  ihe  humoral  condyle  \  la 
iKedli  aspiration  using  a  sterile  20-ml  synnge  and  14-gauge  dispos¬ 
able  needle.  Ien  ml  of  bone  marrow  were  collected  from  each  dog 
ill  5- week  intervals 

I  \fjhh\hnwnt  ft  h  iiwmm  ,  »//iovv  Mononuelear  marrovs 

cells  (\1N(  .  fy  ■  10  t  were  cultured  in  "5-em  cantcd-neck  llasks 
i( 'ormng.  Corning.  New  York  tat  2  ■  I  O'  M  N(  nil  in  50  ml  R  PM  1- 
|(>4o  medium  (M  A  Bioproduets.  \\ alkersv  die.  Maryland)  supple- 
menied  with  2n%  prescreened  heat-inac 1 1 \ iiled  horse  serum  ( tot  no. 
2"2  III  t":  I  low  Laboratories.  Rockville  Maryland).  10  M  hv- 
droeoriisone-2  I -phosphate  (Sigma.  Si  l  oins.  Missouri).  1%  non- 
essential  amino  acids.  |%  pyruvate.  2"i  i -glutamine,  and  i *’<*  pem- 
eillin-slreplomyein  In  some  experiments  R  PM  I  - 1  040  medium  was 
replaced  with  culler  alpha  minimum  essential  medium  (M.A.  Hio- 
produelsl.  Met  oy  's  5  A  medium  l(il IK  ().  (  hand  Island.  New  York), 
or  t  isihers  medium  ((iIH(’O).  Cultures  were  maintained  al  5~T 
m  a  humidified  atmosphere  of  S%  (  ( )  in  air.  Alter  I  week  ofeulture. 
nonadherent  cells  and  medium  were  removed  from  Ihe  llasks  and 
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\ll  .  tiitures '.'ere  icili.irgcill  week  alter  establishing  an  adherent  tell  laxei  with  4  s  ■  In  M\(  lunt.umng  '.X'  (  II  -(Al  N I )  n<  it  done  1 

Mini  < 4  cck! i  .  *  Hint' 


.  n  r :  t  r :  ti.tuui  4'n  .■  tor  !''  tnin  H 'll  .a  ' l'-  \i  m.iU.uiii  i  i lint 
ti ■'.•■.•t !t n f  ! I  I  '  ml  "!  tresti  medium  .util  n  •  I"  In-shls  aspirated 

.util  n"L'"ii'  tt'."ti'  Tim  k-.ir  nt.trri  >w  Inilh  mat  id  Is  lobt. lined  In  nil  tile 
'.mu'  '!■  'g  .  ..Hi  tor  esijbl '.slung  tin-  stromal  idl  Lis er  .util  i enirituged 
. i :  s  .■  for  p  'n:ni  iii’ti-  t plumed  mti'i'.till  tlask  ‘matron  |i"i"tt 
i  I  I  (i\1  ,n  tin-  n.in.iilInTi'in  ['"inil.iiiun  li.u  i  csted  ,ti  tin-  urns-  "l 

tlViiutl'  lll'tl'  .t". Ill'll  It'  ill'll  Mill'll  hl'lull 

(  II  .r.  1'ri  m.it nr  i  ulturi'il  liniiT  m.trti'ii  i  ills  iiftf  .i".iM  il 

I  nr  (  II  -(  r\l  i  "titi-nt  ,ts  lifsi  rt  hi'tl  (II  l_!  MM  m.1  ■  In' 

plate  iiTt.'  i  u  1 1  in  i'll  t.n  I"  dais  .il  .4'  (  in  ,i  hum  uli  iii-il  .it  in.  I'phiTi' 
"!  I""  .  <  it  in  .nr  in  i'- pi  m  plastic  [iiin  dishes  c  on  lain  mg  ml  i  il 

.iit.ii  itiiiliiim  !  hr  , iLt.it  medium  eunsisted  "1  .in  equal  lukuiii'  mi\- 
:  iiir  i  si  i  i  "I  i  H.u  to-.igar  1 1  )i  ten.  I  lelroit.  M  ichigan  I  anil  dnu- 

hic-strei'.gth  I  lulK'i  in's  muddied  I  agle's  medium  i(iIU(  t>i  con- 
l, lining  4n".,  nut  soli  liral- tti.n  ti  i  atril  human  Mi  plasma 
I’hi  tnhi'niaiiduliiiiti  i  |’l  I  \  i- st  i  in  u  la  Ini  dog  l>  m  pin  u  ill-conditioned 
ifi-il i u ri i  u.is  adilril  t"  thr  pelri  ilislirs  I"  I  nil  plain  print'  to  the 
.nut  iiii'iliunt  nuxlme  containing  thr  lump  marrow  rplls 

’  ,  '•  Specimens  lor  clei  Mon  ink rosiopi  were  tiled 

n  a  I  I  mixture  of  halt-strength  Kaniniski's  lixame  .uni  Kl’MI- 
H4'  medium  tor  T  II.  rinsed  in  caiuilslatr  Imllrr  anil  postlixed  in 
i  s.  .  "liuliiii'-liiillrri'il  "snmini  trlnisiilr  Inr  I  li  Alter  delndration 
in  a  in asliil  1 1 h.i tt "I  sprips  iltr  irlls  were  inliliiatril  anil  rrnhniilril 
in  I’oli  Ik'd  .x  I  2  embedding  mrilia.  thill  xeitioned  at  Ml-IHO  mil. 
ami  stamril  null  uransl  .urtatr  ami  Millmng's  load  stain.  Srrtions 
iii-rr  ph< 'll Ilira pill’ll  using  a  I r  <  1 1  100-S  eleelron  microscope  oper¬ 
ating  at  S' 1  k\ 


Results 

(  .  uuparist<u  ,:l  lam;  term  mannu  ,  idtlires  established 
a  till  li/eutii  ill  ,  idlitre  i  niidltiniis 

F  ur  long-term  marrow  cultures  Mere  established  at  the  same 
•.imp  Imni  the  same  marrow  aspiration  al  the  same  culture 
1 1  unlit  n  >ns  to  determine  at  week  Is  niters  a  Is  w  hether  the  num¬ 
bers  "I  in  mad  he  rent  eel  Is  in  the  llasks  were  similar  and  w  heth¬ 
er  the  nnnadherent  eell  iraetions  eontained  similar  amounts 
oft  F  I  (Al  One  week  alter  establishing  tin  adherent  eell 
laser,  the  lire  eulture  llasks  were  reeharged  with  the  same 
number  ul  marrow  eells  In  mi  the  same  marrow  aspiration. 
\t  week  Is  inters  als.  eells  nonadherent  to  the  eulture  flasks 
were  counted  and  plated  in  (  F  I  -(  Al  assaxs.  I  able  I  shows 
the  sseekls  munts  of  the  nonadherent  eells  in  each  llttsk  and 
the  number  off  F  I  -MM  ■"  !hp.  ti.,i>  idhetenl  sell  Iras  lion 


i  iitili  4.  *  "inparison  ol  Inc  ililleienl  iiiltuie  ti'inpi'ititui'i's  m  c.u 

nine  luni'  ieiin  marrow  •  allure 

I  kisk  at  !  '  (  Mask  at  4  (  ( 
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1  he  sums  of  the  nonadherent  eells  as  well  as  the  sums  of  the 
(  FI  '-(A!  produced  user  a  period  of  S  weeks  in  each  ol"  the 
live  long-term  marrow  cultures  were  quite  similar.  This  shows 
that  long-term  marross  cultures  set  up  at  the  same  time  from 
the  same  marrow  aspiration  a l  the  same  culture  conditions 
contain  similar  quantities  of  (  in  the  nonadherent 

eell  fraction  during  the  same  eulture  time,  a  finding  that  has 
been  confirmed  in  three  independent  experiments  (data  not 
shown).  This  result  is  important  for  the  following  experi¬ 
ments  comparing  the  growth-promoting  qualities  of  different 
culture  conditions  because  the  weeklx  numbers  of(  TT !-( ;M 
hi  long-term  cultures  were  similar  when  using  the  same  cul¬ 
ture  conditions,  differences  in  (TT  '-(i\1  number  seen  when 
changing  one  oflhc  culture  conditions  could  then  most  prob- 
ablx  he  contributed  to  this  change.  It  was  therefore  possible 
to  compare  dillerent  eulture  conditions  based  on  CFf'-CiM 
number  in  the  nonadherent  eel!  fraction  during  the  eulture 
time. 

(  hmpammi  nt  dillerent  iidlltre  temperatures 

We  studied  the  mllucncc  of  "'ilture  temneniure  on  CTT' 
(rVl  number  in  long-term  marrow  culture  h>  incubating  a 


!  1 1  ScFuiciiing  cl  al  1  one  term  <  .mine  M.nnm  (  ulnirc 
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lahlc  3.  i  ompatison  oi  Uitleieni  c  dilute  media  in  uimm-  long-term  marrow  culture 
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culture  llusk  at  either  3.3’  or  3"  (  Both  Masks  were  recharged 
alter  i  week  with  the  same  number  of  marrow  cells  (53  • 
|o  \!  \(  .  con  laming  !  S.w  >3  (  il  -( IM)  from  the  same  mar¬ 
row  aspiration.  \l  wooklx  intervals,  cells  nonadherent  to  the 
Masks  were  counted  and  plated  in  (Tl  -CIM  assaxs.  Table  2 
shows  the  weeklv  counts  of  nonadherent  cells  in  each  Mask 
and  the  numbcrolT  FT  -( f\l  in  the  nonadherent  cell  fraction. 
I  he  sum  of  the  weeklv  (  R  -CIM  counts  was  highest  for  the 
Mask  incubated  at  ' ~ (  the  superioritv  of  3~°C  has  been 
eonlirmed  m  two  independent  experiments  (data  not  shown). 

(  om/'tinvoii  ft  ilillcrcn!  i  a/.’wv  mcJui  Jim'  \t  i\i 

One  week  alter  inoculating  marrow  cells  into  culture  Masks 
to  form  an  adherent  cell  laser,  marrow  cultures  were  re- 
c  barged  with  an  equal  number  of  mat  row  cells  obtained  liom 
the  same  marrow  aspiration.  Inch  Mask  contained  a  different 
c  ult nre  medium,  either  RF’MI- 1  M<>.  Me(  ’ox's  5  A.  Fischer's, 
or  alpha  medium  V!  four  media  were  supplemented  with 
20",  horse  serum  from  the  same  lot.  At  weeklv  intervals 
nonadherent  cells  were  counted  and  plated  in  ( 'R  '-(i\1  as- 
savs  I  ivc  independent  experiments  were  performed.  RI’MI- 
1040  .md  \K(  ox's  5  A  medium  gave  cquallx  good  results 
Both  showed  m  two  of  the  live  experiments  the  highest  sum 
ot  weeklv  (  II  -(iM  counts  Flasks  containing  alpha  medium 
were  intermedia  .  na.int  irgh.cst  c  It  -(>M  counts  in 
onlv  one  o|  the  foe-  experiments,  whereas  F  ischer's  medium 
showed  the  lowest  or  second  lowest  (Tl’-CiNl  counts  in  all 


live  experiments.  Table  3  shows  the  results  of one  of  the  five 
experiments. 

Next,  we  set  up  a  long-term  culture  with  RPM1-1640  me¬ 
dium  supplemented  with  2< >"<■  prescreened  fetal  calf  serum 
instead  of  horse  serum  The  Mask  was  recharged  after  1  week 
with  5"1  •  ID"  MNP.  containing  3II.‘*M  (  F  l  -CiNt.  The 
culture  was  maintained  for  X  weeks  The  number  of  MNC 
in  the  nonadherent  cell  fraction  raptdlx  declined.  There  was 
no  CR  "-(iM  growth  during  the  culture  period  of  S  weeks 
when  plating  the  nonadherent  cells  in  a  (  F  I  -( i\I  assav .  1  his 
finding  has  been  c  onfirmed  in  a  second  separate  experiment. 
In  parallel  with  the  culture  containing  RPMI-IMO  medium 
and  2<)"<i  fetal  calf  serum,  we  set  up  a  culture  with  Rl’MI- 
IMt)  medium  supplem  nted  with  ,i  mixture  of  P)"n  horse 
serum  and  10"n  fetal  call  serum  I  he  Mask  was  recharged 
al'tei  i  week  wuFi  x“  ■  |o  \t\t  horn  the  same  marrow 
aspiration  containing  M  I  .'*(’!  (  IF  -CM  I  Tit  mg  the  N-vveck 
culture  period,  a  total  of  onlv  'Mini  ;  l  t  - (  i \ j  were  grown 
out  of  the  nonadherent  cell  fraction  Ibis  result  has  been 
confirmed  m  a  second  separate  experiment  Based  on  these 
experimental  results,  we  decided  to  use  R PM  1-1  Mo  medium 
supplemented  with  2o""  prescreened  horse  serum  in  the  fol¬ 
lowing  experiments 

(  nmpunsnii  at  ihtU  rcm  iWh'iutl'  rl  /iii/iw  » o-r/s. •/»«■ 

The  ellecl  of  hxdrocoi  tisone  on  (FT  -(iM  number  in  long¬ 
term  marrow  culture  w  as  studied  ( hie  week  after  establishing 
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\M  i  allures  were  recharged  I  week  alter  osi;i  h  1 1  sh  m  e  an  adherent  eell  'user  wall  Is.  40.  60.  I’ll,  or  440  ■  10  MN(  containing  44*t.  'll). 
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.in  adherent  coll  la>or.  Masks  were  roc  ha  rood  with  the  same 
number  of  marrow  cells  (45  •  1 1 v  MN(  .  containing  257.41)0 
(  I  I  -( I \1 )  from  the  same  marrow  aspiration  Culture  me¬ 
dium  i  R  I’MI- i  n4i  i  plus  2<i"r>  horse  serum)  was  used  either 
without  ludrocortisone  or  supplemented  w  ith  ti.Os.  0. 1 . 0.2. 
or  ".a  aM  hsdrocortisone.  As  shown  in  Table  4.  the  sum  of 
weekK  (  LI  -( i\l  counts  in  the  nonadherent  cell  fraction  was 
highest  tor  the  llask  without  ludrocortisone.  This  has  been 
confirmed  in  a  second  independent  experiment  (data  not 
show  n>. 

( i  w  >n  ■  o  di’lt'iciu  anu  >///// s  ,  ■/  nuin  ,  <u  ,  < 7/s 

ilH’il  re,  hji'UI  >m  /.  o/o. ,7, /two 

L  ong-term  marrow  cultures  were  started  and  then  recharged 
alter  I  week  w  ith  either  15  •  10.. 40  •  10.60  •  10'.  1  Jo 
-  lo\  or  440  ■  |  O'  mononuclear  marrow  bull)  coat  cells 
obtained  from  the  same  marrow  aspiration.  The  sum  of  the 
weekK  (  FI  -( i.M  counts  in  the  nonadherent  cell  fraction  was 
highest  in  the  flask  recharged  with  440  ■  10'  marrow  cells 
(  fable  5)  However,  when  compared  to  the  number  of  (FI  - 
(INI  inoculated  into  the  culture  Ilasks  at  the  lime  of  the 
marrow  boost,  most  (  F  I  -CM  were  obtained  from  the  llask 
recharged  with  15  ’  Id'  marrow  cells.  Alter  6  weeks.  4t)°o 
ofth*-  ""'’lbiT  of  (  F  t  '-( INI  contained  in  the  marrow  boost 
wcie  obtained  from  the  llask  reehnrg«l  with  15  ■  10'  marrow 
cells  compared  to  V'n-h"n  in  the  flasks  boosted  with  .10-24(1 
■  10'  marrow  cells  This  finding  has  been  confirmed  in  a 

second  independent  experiment 

(  i»n[uin\t >n  "l  n;  luimim;  Amg-tc";. 

^ulluri  s  nittl  UHfuli’V'tl't  "r  Lllhnicncu  </og 
h'u<~iu  \tc  annwn  PI.  I  -w'/micnrii  a!  marrow  ,<7/s 

I  he  following  experiments  were  done  in  order  to  find  out 
whether  the  marr*>w  cells  used  to  rcc  liarge  long-term  marrow 
cultures  need  to  he  autologous  compared  to  the  cells  ol  the 


adherent  laser  or  whether  thex  can  be  allogeneic.  Dl.A-non- 
idcntical.  (  ullurcs  were  started  by  incubating  6  x  |(i  MNC 
irom  the  same  itiarow  aspiration  in  culture  Masks.  Flasks 
were  either  not  recharged  or  boosted  after  I.  4.  or  .4  weeks 
with  4  •  10  MNC  derived  either  from  the  same  donor  used 
for  establishing  the  stromal  cell  laser  or  from  a  DLA-noni- 
denucul  unrelated  donor.  Results  are  shown  in  Figure  1. 
When  cultures  were  recharged  I  week  after  establishing  the 
stromal  laser,  the  llask  recharged  ssuh  autologous  marrow 
shossed  a  higher  sum  of  sseekls  CFl  -( > M  counts  in  the  non- 
adherent  cell  fraction  compared  to  the  llask  boosted  with 
DL.A-nonidentieal  marrow  (at  week  20.  the  week  before  the 
lust  Mask  became  contaminated.  ClL6.43‘r  compared  to 
P5.014).  I.speeialls  du  mg  the  first  5  weeks,  the  sseekls 
(  IT  (i.M  count  s'  ii..  er  in  the  Mask  recharged  with  DLA- 
nonidenneal  man.  pared  to  the  Mask  boosted  with 

autologous  marross  .  Oserall.  the  sum  of  the  sseekls 
(  L  I  -CM  counts  in  the  Mask  boosted  with  DLA-nonidentical 
marrow  was  as  loss  as  the  control  Mask  that  svas  not  recharged. 
In  contrast,  culture  Masks  recharged  2  or  .4  sseeks  alter  es¬ 
tablishing  the  stromal  laser  shossed  a  similar  sum  of  sseekls 
CFl  -CM  counts  independent  of  whether  boosted  ssith  au¬ 
tologous  or  Ol  A-nonidentical  marrow  cells.  As  shown  in 
Figure  I .  the  sum  ol  sseekls  CFl  -(i.M  at  week  40  was  400.. 4  1 4 
when  the  Mask  ssas  recharged  4  sseeks  mici  establishing  the 
adherent  cell  laser  ssith  autologous  marross  cells,  compared 
ti'  4X4  477  CFl ’-CM  colonies  sshen  recharged  ssith  DLA- 
nomdentical  marross.  \V  nen  boosting  the  v.dtarc  Masks  after 
4  sseeks  ssith  autologous  marross  cells,  the  sum  of  sseekls 
(  II  -CM  at  sseek  40  ssas  213.52*)  compared  to  171. 439 
(  I  I  -CM  colonies  ss (' ■■  --  h»\i:>[ing  wiih  Cl  A-iiomdcntical 
marross . 

Results  presented  in  Figure  I  also  show  that  (  FI  '-CM  can 
be  harsested  from  canine  long-term  marross  cultures  for  a 
prolonged  period  of  time.  We  kept  sesen  cultures  until  con¬ 
tamination  occurred  and  we  could  obtain  ('Ft ’-CM  out  of 
the  nonadherent  cell  fraction  for  40  to  4  I  weeks 
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Kin.  1.  Cumulative  weekly  (  I  I  -CiM  in  the 
nonadherent  cell  fraction  of  canine  long-term 
marrow  cultures  recharged  with  autologous  or  al¬ 
logeneic  DLA-nonidentical  marrow  cells  after  I. 

2.  or  3  weeks.  Cultures  were  started  by  incubating 
A  ■  10'  MNC  from  the  same  marrow  aspiration 
in  ''5-cm  '  canted-neck  llask1-  at  2  ■  10'  MNC  ml 
in  RPMI-1640  medium  supplemented  with  2bun 
prescreened  heat-inactivated  horse  serum  Flasks 
were  either  not  recharged  (*>  or  boosted  after  I . 

2.  or  5  weeks  with  2  •  10  MN(  derived  either 
from  the  same  donor  as  used  for  establishing  the 
stromal  cell  layer  (C.  I -week  boost:  2-.  2-week 
boost:  and  12.  4-week  boost)  <>r  from  a  DLA-non- 
identical  unrelated  donor  (•.  I -week  boost:  ▲. 

2 -week  boost,  and  ■.  3-week  boost).  At  weekly 
intervals  nonadherent  cells  were  plated  in  tripli¬ 
cate  in  CFC-CiM  assay.  Each  /hum  represents  the 
cumulative  number  of  weekly  CFC-GM 


(  lirauructurul  analysis  <>t  canine  hmy-tenu 
iini'  i  i  m  i  nlmr(’\ 

Canine  long-term  marrow  cultures  form  a  dense  adherent 
cell  layer  relatively  quickly,  only  1  week  after  inoculating 
mat  row  cells  into  the  culture  llask.  I  Itrastructural  analy  sis 
of  the  adherent  cell  layer  1-3  weeks  after  starting  the  culture 
showed  that  the  dominant  cells  were  macrophages.  The  sec¬ 
ond  most  frequent  cell  type  seen  was  adipocytes  containing 
numerous  fat  droplets  in  the  cytoplasm.  (  lose  to  or  in  direct 
eon  act  with  macrophages  were  hemopoietic  cells  at  different 
stages  of  maturation. 


Discussion 

In  addition  to  their  use  as  a  system  in  which  to  study  the 
regulation  of  hemopoiesis,  long-term  canine  marrow  cultures 
were  of  interest  to  us  for  two  reasons.  First,  this  culture 
method  has  been  suggested  as  a  means  ofdepleting  malignant 
cells  from  the  marrow  [6-Sj.  Dogs  with  spontaneous  non- 
Hodgktrt's  ly  mphoma  represent  a  potentially  important  model 
sy  stem  in  w  Inch  the  clinical  utility  of  this  approach  could  be 
tested  [b|.  Second,  keeping  ma  row  cells  in  long-term  cultures 
fed  repeatedly  with  v  irus-containmg  supernatant  could  allow 
.i  sufficient  increase  in  the  exposure  of  marrow  to  retrov  iral 
vectors  and  thus  increase  the  efficiency  of  retroviral  gene 
transfer  into  canine  marrow  cells.  Indeed,  in  recent  experi¬ 
ments  we  showed  that  we  could  increase  the  efficiency  of 
gene  transfer  by  culturing  marrow  cells  for  24  h  with  virus- 
pri'ductng  packaging  cells  and  then  for  at. other  6  days  in 
long-term  cuiuire  Hcd  with  virus  supernatant)  compared  to 
results  obtained  with  the  24-h  coculti vation  onlv  113] 

i  ov  culture  i  o>  'J.di/r.s  described  in  this  study  allow  canine 
hemopoietic  prec  ursor  cells  to  be  grown  in  long-term  marrow 
c  ulture  regularly  for  2D  to  3  I  weeks  These  culture  conditions 
arc  based  on  findings  first  made  in  murine  long-term  cultures 
|l]  Similar  in  the  growth  requirements  originally  described 
Fa  murine  long-term  cultures,  we  also  found  it  to  he  im¬ 
portant  lor  c uninc  cultures  to  first  establish  an  adherent  layer 


and  then  to  recharge  the  cultures  w  ith  fresh  marrow .  Another 
factor  crucial  for  murine  as  well  as  canine  cultures  is  to  find 
the  right  lot  of  horse  serum  that  supports  culture  grow  th.  Vet 
culture  conditions  for  canine  marrow  cells  differ  in  several 
aspects  from  the  one  found  to  give  best  results  in  murine 
long-term  cultures.  Canine  cultures  give  best  results,  i.e.. 
highest  number  of  CFC-CiM.  when  incubated  at  37°C.  and 
show  no  or  very  little  CFC-GM  production  when  kept  at 
33°C.  In  contrast,  cultures  of  murine  marrow  produce  more 
C'FC-CiM  as  well  as  CFC-S  when  incubated  at  33°C  com¬ 
pared  to  37 °C  |1).  In  human  long-term  cultures,  an  incuba¬ 
tion  temperature  of  33°C  also  seems  to  be  superior  to  37°C 
in  terms  of  CFC-CiM  production  [5).  Coulombcl  el  al.  re¬ 
ported  equally  good  results  in  establishing  human  long-term 
cultures  as  judged  by  recoveries  of  erythroid  hurst-forming 
units  ( BFl  ’-E)  and  (  FI  '-CiM.  when  incubating  marrow  cells 
for  the  first  3-4  days  at  37°C.  and  then  at  33°(  for  the  re¬ 
maining  culture  period  [14].  Long-term  cultures  of  Syrian 
hamster  (3)  and  Tupaia  y/is  [4]  marrow  cells  grow  best  at 
37°C.  as  judged  by  progenitor  recoveries,  similar  to  canine 
marrow.  It  is  unclear  why  these  species  differences  with  re¬ 
gard  to  optimal  culture  temperature  exist.  Incubating  mouse 
marrow  cells  at  33°( '  improves  the  dev  elopment  of  the  stro¬ 
mal  adherent  layer  [  I).  Because  the  adherent  layer  is  known 
to  be  important  for  supporting  long-term  hemopoiesis,  this 
may  explain  the  better  results  seen  when  incubating  murine 
cultures  at  33°C.  In  canine  long-term  cultures,  growth  of 
adherent  cells  was  better  at  37 °C.  which  again  may  explain 
the  superiority  of  the  culture  results  seen  at  37°C.  But  in 
human  culture,  whereas  3 7°C  favors  development  of  the 
stromal  adherent  layer  [K],  33°(  seems  to  be  superior  in  terms 
of  supporting  long-term  hemopoiesis.  Culture  temperature 
:!.Civfore.  appears  •«  be  influencing  addtf  •rul  factors  icie- 
vani  for  the  quality  of  long-term  marrow  cultures. 

The  growth  medium  conventionally  used  in  murine  long¬ 
term  marrow  cultures  is  Fischer's  medium  [I]  hut  McCoy's 
5,-\  or  alpha  medium  can  be  substituted  [I  5],  Syrian  hamster 
marrow  grows  best  in  RPMI-1640  medium  [3]  and  Tupata 
marrow  has  been  cultured  in  Fischer's  medium  [4|,  The  grow  th 
medium  for  human  long-term  cultures  can  be  alpha  medium 
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[14],  but  Fischer's  [5]  and  McCoy's  ?A  [lb]  medium  have 
also  been  used.  In  contrast  to  murine  and  /  upaui  marrow, 
canine  marrow  cells  did  not  grow  well  m  Fischer's  medium. 
Best  results  were  obtained  in  either  RPMl-lbdO  or  McCoy's 
5  A  medium 

As  mentioned  above,  the  success  of  murine  as  well  as 
canine  long-term  cultures  is  dependent  on  the  growth-sup¬ 
porting  qualities  of  selected  lots  of  horse  serum,  (ireenherger 
[P]  reported  that  in  murine  cultures  the  quality  of ‘'defi¬ 
cient"  lots  of  horse  serum  could  be  improved  by  supple¬ 
menting  them  with  glucocorticoid.  Addition  of  10  ”  M  In- 
drocortisonc  increased  the  number  of  adipocytes  as  well  as 
the  total  adherent  and  nonadherent  populations.  Dexter  et 
al.  found  that  horse  serum  batches  differ  widely  in  their  level 
of  free  corticosteroids  [18].  Serum  with  a  relatively  low  cor¬ 
ticosteroid  level  was  invariably  poor  in  maintaining  hemo¬ 
poiesis.  whereas  serum  with  a  relatively  high  level  showed 
good  growth-supporting  qualities  W  hen  "poor"  batches  were 
supplemented  with  hydrocortisone,  their  quality  improved 
considerably  in  terms  of  long-term  culture  hemopoiesis.  The 
grow  ,h  of  human  long-term  marrow  cultures  is  also  im- 
pnr  ed  when  H>  M  hydrocortisone  is  added,  mainly  be¬ 
ta1  se  of  improved  development  of  the  adherent  layer  [5|.  In 
contrast  to  the  positive  influence  of  hydrocortisone  on  mu¬ 
rine  and  human  long-term  cultures,  v.e  found  best  results  in 
those  canine  long-term  cultures  that  were  not  supplemented 
with  hydrocortisone.  W  ith  the  addition  of  corticosteroid  to 
canine  cultures,  a  dose-dependent  decrease  in  weekly  CFl  - 
(i\l  number  was  observed.  l  ong-term  cultures  of  Syrian 
hamster  [3.  14]  or  Tupaia  i>hs  [4.  30]  marrow  as  well  do  not 
require  supplementation  with  hydrocortisone. 

T  he  reasons  for  this  species  difl'erence  are  unknown.  In 
murine  and  human  long-term  cultures,  hydrocortisone  stim¬ 
ulates  the  dev  elopment  of  stromal  cells  and  adipocytes.  Both 
cell  types  are  thought  to  he  important  for  establishing  and 
maintaining  hemopoieticaily  acti  v  e  murine  and  human  long¬ 
term  cultures.  Bone  marrow  cultures  from  the  Sy  rian  hamster 
province  stem  cells  that  proliferate  and  differentiate  for  •  12 
weeks  in  the  absence  of  an  adherent  layer  |3).  The  fact  that 
hamster  long-term  cultures  can  grow  without  a  stromal  layer 
may  explain  why  they  also  do  not  require  supplementation 
with  hydrocortisone,  which  stimulates  the  development  of 
an  adherent  cell  layer.  In  contrast,  both  I  upaui  and  canine 
long-term  marrow  cultures  depend  on  the  presence  of  an 
adherent  v  eil  lay  er  but  seem  to  grow  vv  lthout  supplementation 
of  hydrocortisone.  The  adherent  hemopoietic  microenviron¬ 
ment  ol  I  ufhiui  long-term  cultures  shows  as  a  specific  char¬ 
acteristic  a  periodic  detachment  ol  adherent  cells  at  intervals 
ol  1-2  months  billowed  bv  subsequent  regeneration  of  the 
adherent  cell  layer  [4],  I  his  regenerative  capacity  of  the  ad¬ 
herent  microenvironment  seems  to  be  suHicient  for  main¬ 
taining  the  /  upaut  long-term  cultures,  thereby  rendering  ad¬ 
dition  ol  hydrocortisone  unnecessary.  I  he  growth  ol  canine 
iong-teim  cul’ures  has  been  strongly  dependent  on  certain 
lots  ol  horse  serum.  1 1  could  theiciore  be  that  vv  hen  screening 
d i  Helen t  lots  ot  horse  serum,  we  were  selecting  for  those  w  ith 
a  relatively  high  corticosteroid  level.  Adding  hydrocortisone 
to  the  cultures  could  thus  have  increased  the  corticosteroid 
level  m  the  cultures  into  a  toxic  range  causing  inhibition  of 
v  ult  ure  growth  We  did  not  test  the  utility  of  hydrocortisone 
additions  to  suhoptimal  lots  of  horse  serum 


One  of  the  problems  faced  when  setting  up  several  long¬ 
term  cultures  from  the  same  dog  is  to  obtain  enough  marrow 
cells  I  week  later  for  recharging  the  cultures  with  autologous 
mat  row  cells.  We  therefore  c  ompared  long-term  cultures 
boosted  with  marrow  cells  that  were  either  autologous  or 
allogeneic  DI  A-nonidentical  compared  to  the  cells  of  the 
stromal  layer.  Cultures  boosted  after  1  week  with  DL A-non¬ 
identical  marrow  cells  contained  less  CR'-(i.M  than  those 
charged  w  ith  autologous  marrow  but  the  difference  between 
autologous  and  allogeneic  cultures  disappear -d  when  re¬ 
charged  2  or  3  weeks  after  establishing  the  swornal  layer. 
This  may  be  due  to  the  inability  of  the  culture  system  to 
support  surv  i v  al  and  proliferation  ol'T-ly  mphocy  tes  or  other 
cell  types  that  can  exert  an  inhibitory  effect  on  the  DI.A- 
nonidentical  cells  of  the  marrow  boost.  The  results  of  allo¬ 
geneic  cultures  recharged  after  2  or  3  weeks  are  similar  to 
observ  ations  made  by  Dexter  et  al.  [2  I  ]  and  Moore  and  Dex¬ 
ter  [22]  in  murine  long-term  cultures  demonstrating  that  ma¬ 
jor  I  i-2  d  i  llerenees  do  not  impair  the  capacity  of  the  adherent 
microenvironment  to  sustain  allogeneic  stem  cell  prolifera¬ 
tion. 

In  summary,  we  have  described  culture  conditions  that 
allow  for  the  growth  of  canine  marrow  cells  in  long-term 
culture.  CFl'-CiM  colonies  could  be  regularly  grown  out  of 
the  nonadherent  cell  fraction  for  20-31  weeks.  We  are  cur¬ 
rently  studying  how  long  pluripotent  stem  cells  survive  in 
canine  long-term  cultures  by  transplanting  autologous  mar¬ 
row  cells  kept  in  long-term  cultures  for  different  periods  of 
time  into  lethally  irradiated  marrow  donors.  Also  the  e fleets 
of  added  hemopoietic  growth  factors  on  the  longevity  of 
pluripotent  stem  cells  in  canine  long-term  cultures  are  being 
studied.  The  results  of  these  experiments  may  be  relevant 
for  a  number  of  studies,  including  purging  autologous  mar¬ 
row  grafts  of  dogs  with  spontaneous  lymphoma  and  for  in¬ 
creasing  the  efficiency  of  retrov  iral-mediated  gene  transfer 
into  canine  hemopoietic  stem  cells. 
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Kudioprolvclion  l.rukoirii'iu1  \4  I  ipoxin  B4  1  ml um*n mis  spleen  eolon\  formation  Mouse  henuilnpoit- lie 
siem  cell 

I  r.v.  |\»vmi  radi»*piiMc«.!i\c  hiolocua!  .Kliuiv  induced  In  kuk«Mi  icno  proinplcd  .i  >c.iuii  2<m  mhci 
!'p«  *\\ jw'H.iv  iViKiiu:**  exhibinne  Mir.ilur  propemo  Ihei  real  men'  v!  mice  wmIi  I  u»  2n  sm  »»i  IcukiMMene  V 
he!-**e  'id  k'l'Mi  iii.tdiniion  mdiKcd  an  iiivio.iH'  in  -he  mini  he!  * »!  endoeeinuK  henuf«»piMefk  -uen:  *cliv 
K ad  i'pri »i  ee* jiMi  w ,is  vii-o  piovuicd  h\  preircaiinem  vmiIi  lip -»\in  IP.  bur  ii%M  wnh  lip»»\in  \;  >»i  vuili  poiemul 
i : ;'i ' \  ::  ;*?c\  iiiM'is  Mllll.  I'  ill,l  I  I  .  I'  IIM  I  .  and  .lUichidonu  .Kid.  I  lie  Jeinec  “I  pnues'ion  mdiked  I  v 
i.’.L* . er.*  »*!  IP  is  !c"  !hati  that  pievMudv  leporied  Mi  an  equivalent  dose  *»!  kukoMicne  <  •. 

\jii: '  a: is 'ii  •  *•  :!k  ‘ipoxms  did  not  result  in  a 1 1 \  vi-abb  delectable  side  eltecis  Midi  .is  di.mlica  oi  ataxia 


lM  ROlH  C  I  ION 

[  lie  cytoprotective  properties  of  eieosanoids  were  used  for  both  cyclooxygenase  products' 
and.  more  recently.  lipoxygenase  products  to  induce  radioprotectioti4'  Ibis  protection  was 
shown  with  cells  in  culture-'"*',  mouse  hematopoietic  stem  cells  in  uni1'1,  and  with  whole  animal 
survival1'"1.  l)RI 's  of  l."7  01  greater  can  be  obtained  with  DiPCiT.,  a  synthetic  derivative  ol  the 
naturally  occurring  prostaglandin  I-.,1',  and  with  I  TC4  These  cytoprotective  radioprotective 
properties  have  significance  in  normal  physiological  processes  and  also  in  cancer  biology  where 
some  tumors  produce  elevated  levels  of  eieosanoids1’1  and  may  influence  therapeutic  etlicacy  . 

Pretreatment  with  I  TC  4  provides  a  i)RI  of  2.01  for  protection  of  mouse  granulocyte- 
macrophage  progenitor  stem  cells  '.  Because  ol  the  significant  l)RI  by  this  one  lipoxygenase 
product,  the  potential  for  other  protective  lipoxygenase  products  including  the  hydroxy  lattv  acids 
and  lipoxins,  was  examined.  I.ipoxins  are  derived  through  the  interaction  ol  more  than  one  type 
of  lipoxygenase  Although  they  may  be  formed  by  several  biosynthetic  routes,  the  best 
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chaiac'cn/ed  pathway  involves  the  action  of  a  5  -lipoxygenase  on  a  1  5-lipoxy genase  product.  either 
!  '  HIM  I  I  ,  or  1'  III  II  .  I  lie  two  primary  naturally  occuring  lipoxuis  arc  I  \  \4  and  I  \B4. 
1  ipoxm  production  has  been  demonstrated  in  liunian  neutrophils'',  rat  basophilic  leukemia 
cells",  abeolai  macrophages"',  and  nuistocv  lorna  cells'11.  I  heir  biological  activities  include 
smooth  muscle  conn  action  .  inhibitivvn  of  natural  killei  cell  activity'1,  vasoactiv  ation1' and 
,o  shemotactic  tnetors  tor  giamilocvies1'*'.  I  he  potential  radioprotective  properties  ot  I  \B,  as 
well  as  that  of  I  l  V.  a  precursot  v'l  the  lipoxins  and  leukotiienes.  on  hematopoietic  'tern  cells 
tl  ill  t  ate  presented  in  this  papet. 


M  VU  HIM  S  \\l)  Mimoits 

(  1'innniwils.  Synthetic  l  \A.  and  B;.  15-11PI  II  ,  1?  Ill  II  .  and  '  III  II  wete  obtained 
Pont  IhoMol  Research  I  aboratory  (Philadelphia.  I’M  \r;ichidonic  acid  was  obtained  Irom  \u 
t  lick  I’tep.  Inc.  (I  Ivsian.  MNl.  1  I  \.  methyl  ester  was  the  generous  gilt  of  Dr.  loshua  Rokacli 
tMeick  I  rosst  [  aboratotics.  P  ».ute  (  laire-Dorval.  Canada).  I  he  lice  acid  ot  I  1  \.  was  prepated 
Itotn  the  methvl  e'tei  In  sapi'tiitication  in  methanol  50"iv  sodium  hydroxide  ph.  I.  v;v)  on  tee 
lot  4  hr.  I  he  pH  was  then  adjusted  tv'  '.(>  with  dilute  MCI.  bach  eicosanoid  was  evaporated 
tv'  sir  \ ness  under  nitrogen  anil  resuspended  in  ethanol.  I  thatiol  solutu'tis  containing  the  appropriate 
cicv'sain’id  concentration  were  adjusted  to  0.4"  ■>  ethanol  in  Hanks'  hut  lercd  salt  solution  (C  iibco 
Biological  I  ahi'tatories.  (Itand  Maud.  NYi.  Compounds  were  administered  bv  subcutaneous 
miectiv'ii  in  the  nape  of  the  neck  in  a  volume  v't  1(H)  !.  15  min  bet  ore  it  radiation.  Previous 

studies  have  shown  that  the  optimal  administration  time  tor  other  eteo'anoids  using  the  1(11 
ass.iv  described  below  is  15  min  prior  to  irradiation'"'1. 

\/,tc.  Male  (  1)21  I  mal.  mice.  10  to  12  weeks  old.  were  obtained  from  C  harles  Rivet 
(Kingston.  NY).  Animals  were  i|iiaiantined  lot  a  period  v'l  2  weeks  and  examined  for  pathological 
v't  set v'lv’eical  indicatii’iis  v'l  illness  v't  l>\cutli>intinn\  infection  (representative  sampling).  Mice 
were  housed  S- 10  to  a  cage  in  Microisolator  cages  i'll  hardwood-chip  contact  bedding.  tnamtained 
in  ci'in etitiv'tial  animal  boldine  rooms  in  an  \  \  \l  \C  accredited  facility.  Rooms  wete  maintained 
at  21  •  I  (  vv  itli  'll".,  relative  Immidilv  with  12  loom  changes  of  l(i<>"«  conditioned  fresh  ait 

per  hiuir.  Mice  were  maintained  on  a  1 2  In  light -dm  k  cycle  and  piv>v  ideil  with  \\  av tie  Rodent  Blox 
diet  (Continental  ( irmn  Co..  Inc  .  (  liicago,  II  )  and  acidified  water  (pH.  2.5)  ad  libitum.  \t  the 
time  of  the  experiments,  animals  wenched  20-25  g. 

Irnti/iuiinn.  Mice  were  irradiated  in  a  bilateral  cobalt-60  gamma  radiation  field  at  a  dose 
rate  of  1  Co  min  to  a  total  dose  ol  '.25  C  >v ,  as  previously  described  '. 

I  leiiniin/nueih  Stem  Cell  I  wot  .  I  -(  I  I  formation  was  assaved  bv  the  method  v'l  I  til  and 
Mel  ullotiglr  '.  as  previously  described’’.  Briefly,  mice  received  '.25  Civ  v'l  irradiation.  I  hey  were 
killed  at  10  days  postirradiation  I  y  asphyxiation  in  a  charged  CO.  chambet.  and  theit  spleens 
were  removed  and  bxed  in  Bonin  soliinon.  file  number  of  colonies  per  spleen  were  determined, 
and  the  mean  and  standard  error  were  reported.  Statistical  significance  was  determined  by  analysis 
v'l  variance  or  Student's  t -lest .  (he  reported  increases  in  P  C  I  l  numbers  are  reproducible. 
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ICettcutineni  will-  I  1  V  induced  .i  dose-dependent  radiopiotcclion  ol  1(11  S  (I  leuie  li 
\  2c  dose  uii’l  in  t  i  c  1 1 "  e  t  pi o\  ided  twice  the  pioteciion  «<l  a  in  me  dose  In  uicreasiiii.'  the 
tiumbc!  ot  'iiivivmc  1  (IIS  to  <1.4  in  1  I  V  dose'  ot  In  "e  ot  cteaict  piodmed 
nlceiatii'ii  a!  the  'He  ol  imcccon  ill  Mi"i.  ol  the  mice.  \o  ulceration  was  ptodiued  In  the  I'tltet 
eki''.tm>ij'. 

Vimmi't.aiioi;  ot  li.  I  1 1 1  lii  : y  ,»|  I  \  \.  15  mm  betoie  .even  me  '.2'  (  e>  .*1  "(  .<  eatniua 
i.kIuiii'I)  Jut  m 'l  iiurea'c  1(11  minihei'  in  the  'pleett'  al  Id  Jan  postu i adiai ion  (I  icuic  ll 

I  nlike  I  \  \  .  pteireatment  with  I  \I5.  in  5)  induced  a  -mall  siati'lkall'  'icmtuant  mctea'c 
m  1  (  I  l  numhei'  liable  II  I  (IIS  pet  spleen  iiictca'cd  Com  C.(>  •  C.2  (slandatd  ettoii 
in  a'litiol  mice  to  2  s  •  c.b  m  mice  that  received  !(>  ol  I  \B.  1'  HIM  11  .  15  III  II  . 
'Ill  II  .  and  aiachidomc  .icid  did  not  met  ease  I  (  I  l  numhei' at  the  coikentiuiioiis  examined 

I I  tettie  I  and  I  able  1 ). 


/jg  Eicosanoid 

1.  1  Heel  ol  Itpovyccnasc  product  prei icalmeni  on  I  -(  I  I  radiation  survival.  Mice  m  5|  wetc  picticaied 
wnii  i lie  indicated  concentration  ol  eicosanoid  I'  min  hetoie  receivine  '.25  (i\  ol  "(  o  ptadiaiion 
al  a  dose  rale  ol  I  ( o  mm  The  number  ol  1  -(  I  l  were  determined  on  dav  10  posin  i  adiai  ion .  I  \  \ . 
I O li  15  HIM  II  I  □ ):  arachidonic  acid  I  A);  and  I  I  \4  (O  I  I  aeli  daia  point  repiesent'  the  mean  • 
t lie  standard  error  of  the  mean.  Only  ihe  I  1  \4  daia  weie  sieniticanl,  usine  analysis  ot  vanaiwe 
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\  dean ivd  ’ha:  I  1  <  .  and  I  I  15.  induced  tndioprotn.iion  ol  momc 

■V  t'. .Ilk!  p’Ollip’ed  IHJ’lli."  MIX C't  I;.M1  1.  Ml  tOI  Other  lipoXXeellU'C  ptodlK!' 

■  .1  — :  v\  v!>.'s.  ' .k 1 1*  >p ' " ' - ^ ' i> M !  *  >l  :1k  additional  prodtnts  examined  in  the  pi c-cih 

■  d  ■ .  I  I  V  p*o\ ided  'Ik  creak's'  Jeetee  .<1  protect  u»n.  but  tt.1-  n«>!  .!•>  ellecttxe  as  ihat  tepotted 
'll*  I '  ' '  iii'’  vl'-.r  .xhc'hci  I  I  \.  induced  nidiopioleciion  is  a  diiCvt  ettecl  or  mcehute\l 

■  ■  i  ■  >n  k>  ot :  ■  c  d"  ik.  ■!  i  kh  mk  !i  ,i'  I  I  (  .. 

I’."  k-v/  w.’h  I  \H.  l'i;‘  not  1  \  V  resulted  iii  a  small  eithn. icemen:  ol  I  til  \  m  die 


>pii.v!-s  sV'L'hallv  iiM.liaia!  iiikc  I  \li.  was  approximate!)  onc-ihild  a»  cl  Icciix  c  as  an 
v.j  •  di'«,  i>:  I  I  B  I  nhaikcmcn:  xxas  no*  ohseixed  lor  possible  lipoxin  puvui'ois 

I'  1 1 1  ’  I  II  .  I'  III  II  .  Hi  '  111  II  Mthouah  m  tlieotx  -.lie  sutxixal  ot  one  plutipoieni 
'Kina'. •p.ve’k  *tcit:  veil  van  pie'.eni  radiation  induced  heniatopoietk  death.  the  I  \H.  1(11 
::;;M:l'er'  a:e  probable  !>*o  low  >o  met  ease  animal  sutxixal.  ( >n  a  comparatixc  basis  lot  1(11 
■  adr.  'P'  i'KkU.'ii,  IK  •  •  I  I  \  ..  |)il>(  ,1  .  ■  I  111.  III.  III).  III.  I  Mi; 

I  'k  disk  ot  piorection  niachidomc  acid  iiselt  tnielit  be  attnbutable  to  dilution  throueh 
tr etabolisin  to  a  numbe:  ot  eieosanoid'. 

\dmini't!,ition  ol  radioprotcclixe  eoneentratioii'  ot'l)ii’(il  .  has  been  repented  to  cause 
viiaohea  and  ataxia';  howexet.  none  ol  the  I  \s  ot  othet  lipoxxeenasc  ptoduet'  examined 
producer!  diarrhea.  In  addition,  no  deaths  resulted  horn  toxicitx.  and  no  visible  deetements  in 
lovomotoi  actixitx  dunne  the  t  i  r  s  i  (Omul  positieatinent  were  apparent . 

I  he  mechanism  lot  eieosanoid  radioprotection  in  general  remains  unknown'"'1,  but  thex 
ate  not  thoueht  to  act  bx  direct  Itee  nidic.il  sca\ cneme  or  bx  modification  ot  l)\  \  repair1 
I’rosiacxchn-induced  cxtoprotection  ot  the  east  tie  mucosa  in  sxxine  has  been  attributed  to  increased 
blood  llow  mediated  bx  cAMI1'"1.  I  ipoxnis.  like  most  etcosanoids.  are  xasoactixe1  I  hex  do 
not  stimulate  c\MI’  production1  but  are  potent  aetixators  ol  protein  kinase  (  ,  '1.  1  I  \j-  and 
I  \  If, -induced  radioprotect ion  max  be  a  hormonal  response  through  diiect  inlluenees  on 
hematopoiesis.  Prostaelandins.  lor  example,  stimulate  hematopoiesis  '''  while  I  l(  ,  inlluenees 
nneloid  stem  cell  response  to  colonx-stimulatini;  factor' Similar  roles  tor  I  W  must  axxait 
further  research.  Some  tumor  cells  produce  I  \'s‘ 1,1  and  therefore.  I  X-induced  protection  could 
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lobacter  jejuni  through  M  cells  ol  rahhit  Pever's  patches  Can  J  Microbiol  34  1142  1147 

M  cells  in  the  (‘ever  s  patches  may  lactlilalc  transport  ot  palhoecns  such  as  C v /r ►/*</» ■/**/*  le/uni  (rout  the  intestine  Ac 
evaluated  this  hypothesis  hv  using  electron  microscopy  to  examine  Pever's  patches  in  ligated  adult  rahhit  ileal  loops  inoculated 
with  5  ml.  suspensions  ol  10'  c  I  it  nil  ol  (  anipslohui  ter  jejuni  Pever's  patches  taken  at  intervals  (rout  15  nun  to  2  It  alter 
inoculation  ol  loops  in  anaesthetized  rabbits  provided  evidence  that  C  ampsloba,  ter  iiiuni  sclvctivelv  adhered  to  M  cells  as 
opposed  to  absorptive  epithelial  cells  and  was  transported,  apparently  intact,  into  the  M  cell  follicle.  Although  intercellular 
organisms  were  seen  within  the  follicle,  many  others  were  phagocylosed  hv  Ivmphoid  o’lt-  I  he  proxinutv  ol  the  Ivmpltatic 
and  biood  circulatory  systems  to  the  M  cell  follicle  makes  this  a  probable  route  lor  svsteniic  spread  ol  C, mipslnba,  ter  /eiuni 

Act  m  r.  R  I.,  S<  n mm  1)1  H -(  Hi k  is.  I..  A..  Pvrki  r.  J.  I...  et  Bi  kk.  I)  |9XX  Selective  association  and  transport  ol  (  ampx 

lobacter  teiuiu  through  M  cells  ol  rahhit  Pever's  patches.  Can  J  Microbiol  34  I  142  I  147 

On  cron  que  les  cellules  M  p'rcsentes  dans  les  plaques  do  Peyer  pourraient  lac 1 1  iter  la  migration  de  pathogenes  comme 
l  amps  lobacter  jejuni  a  part i r  de  1'intestm  Nous  avons  evalue  cette  hypoihese  on  examinant  par  nucroscopie  electromqiic 
les  plaques  de  Peyer  che/  le  lapm  adulte  par  la  methoje  dec  anses  ileales  ligaturees  inoculees  avec  5  ml.  d'ttne  suspension 
eontenant  HP  clu  ml.  l.es  plaques  de  Peyer  prelevees  entre  15  nun  et  2  It  suivant  I'inoctilatioii  des  anses  die/  le  lapin 
anesthesie  montrenl  avec  evidence  que  Campsloba,  ter  lejuni  adhere  seleclivement  attx  cellules  \1  plutdt  qu  aux  cellules 
epithefiales  absorbarifes  ei  q it'll  esi  rransporte  apparemmem  intact  a  i'lntcneur  du  Idllicule  de  la  cellule  M.  Monte  'i  des  hac 
tones  sc  retrotivent  dans  le  lollieule  plusieurs  autres  son!  phagocytees  par  les  cellules  (ymphotdes  l.e  (ollieule  M  clam  a 
proximite  des  systemes  circulatoires  sanguin  et  Iv  mphatiqtie.  il  dev  tent  la  voie  probable  de  dissemination  svstenuque  de 
( 'ump\h>btu  ter  /e/uni 

|  I  raditit  par  la  revuel 


Introduction 

M  cells  are  important  antigen  sampling  structures  found  in 
the  epithelial  layer  over  lymphoid  follicles  of  the  gastrointes¬ 
tinal  mucosa  (Sneller  and  Stroher  1 9X6 1 .  They  were  originally 
termed  M  cells  or  Microfold  cells  due  to  their  surface  struc¬ 
ture  Since  the  surfaces  of  these  cells  have  subsequently  been 
found  to  be  variable,  the  term  Microfold  has  been  dropped, 
but  the  designation  M  retained.  Since  their  initial  description 
(Owen  and  Jones  15)74).  these  cells  have  been  shown  to  inter¬ 
act  with  a  number  of  pathogens,  f  or  example.  Vihrin  eholente 
attaches  to  and  is  taken  up  by  M  cells  (Owen  et  al.  1  OHO ) .  In 
contrast,  strain  RDHC  !  Escherichia  colt,  which  causes  diar¬ 
rhea  in  rabbits,  attaches  to  hut  is  not  transported  through  the 
M  cell  to  the  subepithelial  lymphoid  tissue  (Inman  and  Cantev 
19X3)  Salmonella  txphi  GIFU  10007  adheres  to  M  cell  sur¬ 
faces  and  destroys  them,  thereby  permitting  entry  to  deeper 
tissues  and  to  the  general  circulation  (Kohbata  et  al.  19X6). 

Campylobacter  jejuni  is  now  recognized  as  a  ma  jor  enteric 
pathogen  that,  among  other  virulence  characteristics,  can  be 
invasive  and  has  been  found  in  blood  cultures  from  infected 
humans  and  animals  (Blaser  et  al  19X4;  Drake  et  al.  19X1; 
Longfield  et  al  1979;  Spclman  et  al  19X6).  This  may  be  a 
phenomenon  associated  with  movement  of  the  organisms 
through  the  mucosa  and  proliferation  in  the  lamina  propria  and 
mesenteric  lymph  nodes  (But/ler  and  Skirrow  1979;  Skirrow 

‘Author  to  whom  all  correspondence  should  he  addressed. 
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1977;  Youssef  et  til  19X5).  It  is  possible  that  M  cells  could  be 
important  in  this  process  associated  with  pathogenesis  as  well 
as  being  key  cells  lor  presentation  of  foreign  antigen  to  the 
mucosal  immune  system. 

We  examined  Pever's  patches  (PP)  in  ligated  rabbit  ileal 
loops  because  know  ledge  of  M  cell  -  Catnpxlohaeier  interac¬ 
tions  could  contribute  to  understanding  the  pathogenesis  of  the 
disease  as  well  as  to  the  development  of  oral  vaccines  to  this 
organism.  Moreover,  if  Campylobacter  does  attach  to  and  is 
translocated  by  M  cells,  its  unique  spiral  morphology  could 
provide  an  excellent  model  for  the  study  of  M  cell  function 
under  a  variety  of  experimental  conditions. 

Materials  and  methods 

Cultivation  of  Campylobacter 

Campylobacter  jejuni  strain  HC.  Penner  serotype  27  (Walker  et  al 
19X6).  was  isolated  from  the  blood  ol  an  enteritis  patient  front  Belh- 
esda,  Maryland.  Frozen  stocks  of  the  organism  were  thawed,  inocu¬ 
lated  in  trypicase  soy  blood  agar  plates,  and  incubated  at  42  C  in 
plastic  bags  with  an  atmosphere  of  85T  N,.  lOT  C()2,  and  5T  (),. 
Alter  IX  h  the  cells  were  suspended  in  brucella  broth  supplemented 
w  ith  0.049?  cysteine  and  0.25  A  serine  to  a  concentration  having  an 
Ol)  at  625  nm  of  0.05.  Six  millilitres  of  the  resulting  suspension  was 
overlaid  in  25  cm'  T  flasks  containing  4  ntL  of  brucella  blood  agar. 
After  IX  h  incubation  at  37°C,  the  flu  id  portion  of  the  hiphasic  cul¬ 
ture  system  was  collected  and  screened  for  contamination  by  examin¬ 
ing  the  culture  under  dark  field  microscopy.  It  was  then  pooled  and 
used  directly  for  rabbit  challenges. 
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H<-  2  Scanning  electron  micrograph  ol  surface  of  Peyer's  patch  follicle  after  15  nun  incubation  with  Cam/'vlohacier.  Absorptive  cells  <Al 
protrude  into  lumen  of  gut  and  remain  uncovered  by  bacteria.  Bacteria  with  characteristic  spiral  shape  (arrows)  adhere  to  regions  between 
absorptive  cells  Bar  =  I  gin. 
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lii.  '  \ltci  I  5  min  ilk tiKilmn.  ( \nnp\lohat  n  r  i  arrow si  arc  associated  vv  it h  lunim.il  surlace  ol  the  \1  cells  (Mi.  vv hall  me  sepal  a  led  limn 
under!}  me  lymphoid  veils  by  .1  email  space  i  arrow  heads  i  .tiul  connected  to  each  oilier  by  .1  mcmhiunc  luneiion  (asterisk  i  Bur  4  /< m 


Ik,  4  Endocytosis  ol  bacteria  by  M  cells  (Ml  seen  alter  120  nun  Incubation.  Inset  is  enlargement  ol  bacteria  be  me  endocvloscd  from  intes 
tin.il  lumen  furrow  i  Bar  2  /on 


Riibhn  \unu‘r\ 

female  New  Zealand  white  rabbits,  weighing  1 .5-2.0  ky .  were 
anaestheti/ed  with  70  me  kg  ketamine  and  0,4  me  he  acepromaine. 
All  animals  were  fasted  lor  at  least  I  8  h  prior  to  surgery  The  small 
intestine  was  drawn  out  aseptically  through  a  midventral  laparotonn 
and  kept  moist  with  saline  Loops  measuring  5  cm  were  made  using 
string  ligatures  and  inoculated  with  5-ml.  suspensions  of  approxi¬ 
mately  lO'cfu  ml.  Control  loops  were  inoculated  with  sterile  culture- 
broth  The  intestine  was  returned  into  the  abdominal  cavity  and  the 
abdominal  wall  closed  with  sutures.  At  predetermined  times  (15  nun 
to  2  h  after  inoculation  of  loops),  the  animals  were  euthanatized  (T-61 
Luthanasia  solution.  American  Hoechst  Corporation.  Animal  Health 
Division.  Somerville.  NJ  08876).  and  the  loops  were  removed  to  a 
pern  dish,  drained,  and  inverted  over  a  glass  rod 


Sample  preparation  and  examination 

Intestinal  loops  were  fixed  m  a  4  C  solution  containing  2 ' V  para 
formaldehyde.  2.5r»  glutaraldchyde.  I.5'<  acrolein  (molecular  weight. 
5606).  4  miM  calcium  chloride  (reagent  grade),  and  100  m\1  sodium 
cacodvlate.  This  fixative  was  made  in  a  final  volume  of  1(H)  ml.  ol 
distilled  water  at  pH  7  5  After  initial  fixation.  PP  were  dissected  and 
trimmed,  and  continued  to  fix  in  fresh  fixative  at  room  temperature 
for  a  total  of  2  h  Specimens  lor  transmission  and  scanning  electron 
microscopy  (TEM  and  SKM.  respectively)  were  washed  m  100  mM 
sodium  eaeodylate.  post  fixed  I  h  in  \'%  osmium  tetroxide,  and 
dehydrated  in  an  ethanol  series.  Specimens  for  TEM  were  embedded 
in  Epon  812.  Thick  sections  were  stained  with  I  r{  methylene  blue 
and  \  7<  A/ure  II  in  1"  sodium  borate  (reagent  grade)  solution  Thin 
sections  were  stained  with  1 7,  uranylaeetate  and  Reynold's  lead 
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lie,  6.  (  uin/nli >btuhr  (arrow  I  alter  Irailsvcrsing  M  cells  |M)  are 
clustered  in  mlereelliilar  space  Note  space  separating  lymphoid  cells 
tilling  M  cell  pocket.  compared  with  l  ie  4  Bar  5  /mi. 

seen  in  loops  inoeulalecl  with  sterile  hroth. 

I  he  speeit’icitv  of  the  attachment  of  Ciiinpvlohiuler  to 
M  cells  alter  a  15-min  incubation  was  also  observed  Using 
SFM  i  lie.  2).  Numerous  Cuinpvlolhuier  were  seen  adhering 
to  certain  areas  cchile  leaving  the  absorptive  epithelial  cells 
uncovered.  The  identification  of  these  covered  areas  as  \1  cells 
was  determined  using  TF.M.  With  ThM  the  bacteria  were 
elearlv  observed  in  association  with  the  luminal  surface  ol  the 
M  cells,  hut  not  absorptive  cells  (Fig.  3). 

Vacuoles  containing  Cimipvlolxn  trr  could  be  seen  in  the 
M  cells  dig  4i  Bacteria  were  rapidly  transported  to  lun 
piloid  cells,  presumable  macrophages  (Fig.  5).  The  relation¬ 
ship  between  M  cells  and  lymphoid  cells  can  also  be  seen  in 
Fig.  6.  where  M  cell  processes  formed  a  canopy  over  the 
enclosed  cells.  Also  seen  in  Fig.  6.  the  bacteria  were  tree  in 
I  tree  croups  between  cells 

The  \1  cell  could  be  a  means  by  which  ( \impylohiu  ter  leave 
the  gut.  and  selective  association  and  penetration  of  M  cells 
could  help  explain  the  bacteremia  seen  previously  in  rabbits 
challenged  wnh  the  RITARI)  procedure  (Caldwell  et  al. 
I ‘Wi.  t  he  ('.  i(ii(iii  HC  strain  used  here  was  isolated  from 
human  blood,  arid  several  examples  of  human  bacteremia  have 
been  reported  i Drake  et  al  19X1 ;  Long  Field  et  al.  1979;  Spel- 
man  et  al  19X6)  Bacteremia  is  seen  in  normal  mice  inoculated 
orallv  with  Cump\lohueter  (Blaser  et  al.  19X4).  and  C.  jejuni 


is  associated  w  ith  mesenteric  Iv  1 1 1 ph  nodes  and  PP  ol  gnoiobio 
tie  mice  given  oral  challenges  (F  aucherc  et  al  19X5.  Youssct 
et  al  I  MSS  i  rhese  events  mav  noi  be  associated  w  nh  enieroin 
vasive  properties  ol  the  organism,  lull  mav  he  due  to  an  active 
bacterial  uptake  system  ol  the  host  I  his  conclusion  is  consis 
lent  wnh  the  uptake  ol  nonmvasivc  cholera  organisms  by 
M  cells  (Owen  el  al.  19X6)  In  contrast  to  a  report  by  Owen 
and  Jones  i  1974)  and  another  by  Futimura  (  19X6)  describing 
the  uptake  of  BCG  by  \1  cells,  die  pseudopodlike  uptake  ol 
bacteria  by  (he  M  cell  was  lardy  seen  in  our  study 

It  is  of  interest  that  not  only  are  intacl  bacteria  taken  up  by 
the  M  ceils,  but  also  many  organisms  can  he  transferred  smiul 
taneously  to  underlying  lymphoid  follicles  The  large  numbers 
of  organisms  placed  in  the  loops  may  be  responsible  lor  the 
dramatic  uptake  seen  in  ibis  study.  Rapid  uptake  ol  bacteria 
could  lead  to  transient  bacteremia  by  overwhelming  normal 
clearance  mechanisms.  It  remains  to  he  seen  whether  a  similar 
phenomenon  in  immunocompromised  hosts  could  account  lor 
opportunistic  infections.  The  proximity  of  the  lymphatic  and 
blood  circulatory  systems  makes  this  a  likely  possibility 
I  hese  vlata  indicate  that,  .it  least  m  uguicu  deal  loops. 
C.  jejuni  can  attach  to  M  cells  and  be  transported  through 
them  to  the  underlying  follicle.  This  process  bears  similarities 
to  anti  differences  from  the  events  seen  with  other  microbial 
pathogens  tinman  and  ('ante.  10X3:  Kohbata  et  al  19X6: 
Owen  et  al.  10X6).  It  is  unknown  whether  phenomena  seen  in 
ligated  loops  truly  reflect  those  events  occurring  in  normal 
in  vivo  models  F'urther.  much  work  remains  to  discover  how 
bacteria  reach  and  are  transported  through  M  cells  and  what 
effect  this  event  may  have  on  the  bacteria  and  the  host,  flic 
data  now  available  for  Ctiiiipvlohucier  and  other  pathogens 
make  these  questions  all  the  more  compelling. 
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